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The distribution and behavior of heavy metals in the marine environment, as well 
as their impact upon marine organisms and human health, are of great concern due to 
their persistent, non-biodegradable and toxic properties. To date, there have been a few 
studies on heavy metal pollution in the marine environment of Singapore and data on the 
vertical distribution of heavy metals in the seawater column are lacking. In addition, there 
have been no investigations on the chemical speciation of heavy metals in local marine 
sediments, levels of heavy metals in coastal mangrove habitats. The main objectives of 
this research were (i) to evaluate the prevailing heavy metal levels in the seawater column 
and marine sediments, as well as the vertical distribution of heavy metals in the seawater 
column in the coastal environment of Singapore; (ii) to determine the chemical speciation 
of heavy metals in the marine sediments in order to understand their relative mobility and 
bioavailability in the marine environment; and (iii) to determine prevailing levels of 
heavy metals in representative mangrove habitats of Singapore.  
Concentrations of heavy metals were determined in the water column (including 
the sea-surface microlayer (SML), subsurface, mid-depth and bottom water) and 
sediments at two sampling sites (Kranji and Pulau Tekong) with contrasting 
hydrodynamic characteristics. Overall, heavy metals in both the dissolved and particulate 
fractions have depth profiles that show a decreasing trend of concentration from the 
subsurface to bottom water, indicating that the prevalence of metals is linked to the 
marine biological cycle. In comparison to data from Greece, Malaysia, USA, the 
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 Netherlands and the Northern Adriatic Sea, the levels of metals in the dissolved phase 
(DP) and suspended particulate matter (SPM) are considered to be low in Singapore. The 
marine sediments in Singapore are not heavily contaminated when compared to metal 
levels in marine sediments from other countries including Thailand, Japan, Korea, Spain 
and China.  
Further study on the chemical speciation of heavy metals in marine sediments 
from Kranji in the northwest, and Pulau Tekong in the northeast of Singapore was 
determined using a modified BCR-sequential extraction procedure. Results indicated that 
all metals, except Cd, were more mobile and bio-available in Kranji, where metals were 
present at higher percentages in the acid-soluble fractions (the most labile fraction). 
Overall, with regard to Cr and Pb, both sampling sites have a similar distribution pattern 
while Cd, Cu, Ni, and Zn have contrasting distributions in the sediments from both sites. 
Concentrations of heavy metals in the SML and subsurface water, sediments and 
biota were measured in two mangrove habitats in Singapore located in the West (Sungei 
Buloh) and the East Johore Strait (Sungei Khatib Bongsu). Comparison of heavy metal 
concentrations in seawater, sediments and biota from the two sampling sites indicate that 
prevailing metal levels in the West Johore Strait are lower than in the East Johore Strait. 
Overall, with respect to heavy metal contamination, mangrove habitats in Singapore are 
less contaminated than those found in Deep Bay, Hong Kong and in Brazil, but more 
contaminated than those in Australia and Mexico.  
 




BC Before Christ 
 
BCR The Community Bureau of Reference (now Standards, Measurements and 
Testing Programme) 
 
CRM Certified Reference Material 
 
DOC Dissolved Organic Carbon 
 
DP Dissolved Phase 
 
EFs Enrichment Factors 
 
EPA US Environmental Protection Agency 
 
GESAMP  The Joint Group of Experts on the Scientific Aspects of Marine 
Environmental Protection 
 
GFAAS Graphite Furnace Atomic Absorption Spectrometry 
 
ICP-MS Inductively Coupled Plasma – Mass Spectrometry 
 
Nd.  Not detected 
 
NIST  National Institute for Standards and Technology 
 
NRCC  National Research Council of Canada 
 
RPM Rotations per Minute 
 
SB  Sungei Buloh 
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SPM Suspended Particulate Matter 
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TOC Total Organic Carbon 
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Heavy metals play an important role in human society due to their special 
properties including malleability, ductility, resistance to corrosion, and high electric and 
thermal conductivity, etc. Together with increasing use of heavy metals, the level of 
heavy metal pollution has increased dramatically over the years. Anthropogenic sources 
of heavy metals in coastal environments include industrial and municipal waste products, 
urban and agricultural runoff, fine-grained sediments eroded from polluted catchments, 
atmospheric deposition, antifouling paints from ships, and acid mine drainage. Human 
activities such as dredging and reclamation in coastal environments can remobilize heavy 
metals from marine sediments into the seawater column (Lee and Cundy, 2001).  
The distribution and behavior of heavy metals in the marine environment, as well 
as their impact upon marine organisms and human health, are of great concern due to 
their persistent, non-biodegradable and toxic properties. In Asia, investigations on the 
measurement, distribution and fate of heavy metals in the marine environment have been 
reported for a number of countries including Thailand, Malaysia, Japan, Korea and China 
(Menasveta and Cheevaparanapiawat, 1981; Seng et al., 1987; Fukushima et al., 1992; 
Lee et al., 1998; Hong and Lin, 1990 and Yuan et al., 2004).  
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 Literature Review 
However, there have been a few studies on heavy metal pollution in the marine 
environment of Singapore. Goh and Chou (1997) carried out an investigation over a 
period of two years to monitor the levels of copper (Cu), zinc (Zn), lead (Pb), cadmium 
(Cd) at twenty locations comprising mainland coastal and offshore areas around 
Singapore from December, 1990 to July, 1992. In 1993, a study of the metal 
concentrations in sediment cores collected along the east-west axis of the Strait of Johor 
between Singapore and Malaysia was undertaken (Wood et al., 1997). More recently, a 
study on the environmental impact of heavy metals from dredged and re-suspended 
sediments on phytoplankton and bacteria was conducted at Ponggol Estuary, located on 
the north-eastern coast of Singapore (Nayar et al., 2004). To date, however, vertical 
distribution data of heavy metals in seawater columns of Singapore’s marine environment 
are lacking. In addition, no data on the chemical speciation of heavy metals in the marine 
sediment, reflecting their mobility and bioavailability, and on metal contamination in the 
coastal mangrove habitats of Singapore exist.  Therefore, there is justification for further 
monitoring studies to investigate the distribution, behavior and fate of heavy metals in the 
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 Literature Review 
1.2 Objectives and scope 
1.2.1 Heavy metals in the seawater column and sediments in the coastal environment of 
Singapore 
The objectives of this study were to:  
(i) determine the heavy metal levels in the seawater column and sediments, as 
well as the vertical distribution of heavy metals in the seawater column at two 
sampling sites with contrasting hydrodynamic characteristics in the coastal 
marine environment of Singapore;  
(ii) determine the enrichment of heavy metals in the sea-surface micro-layer and 
the sediment-bottom water layer, which are the uppermost and the lowest 
boundary layer of the water column; and 
(iii) evaluate data relative to similar data reported for other countries. 
1.2.2 Metal speciation in coastal marine sediments from Singapore using a modified 
BCR-Sequential extraction procedure 
The aims of this study were:  
(i) determine the metal pollution levels in marine sediments in the coastal region 
of Singapore;  
(ii) determine and compare the chemical speciation of heavy metals to evaluate 
relative mobility and bioavailability; and 
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(iii) evaluate the data on metal levels, mobility and bioavailability in the context 
of similar data reported from other countries. 
1.2.3 Heavy metal contamination in mangrove habitats of Singapore 
The objectives of this study were to:  
(i) determine the levels of heavy metals in representative mangrove habitats of 
Singapore;  
(ii) compare levels between two mangrove habitats that are on opposite sides of a 
land-linked causeway between Singapore and Malaysia; and 
(iii) evaluate levels of sediment contamination in the context of similar data 
reported from other countries. The data from this study is of use with respect 
to the understanding of the fate and impact of pollutants in mangrove systems, 
as well as the conservation of remaining mangrove habitats in Singapore.  
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2.1 Introduction to heavy metals  
2.1.1 History of heavy metal use 
Heavy metals played an important role in the development of human society due 
to their special properties such as malleability, ductility, resistance to corrosion with high 
electricity and thermal conductivity, etc. In the Copper Age (around 4500 – 4200 BC), 
numerous useful artifacts were made of copper which found on the surface of the Earth. 
Around 4000 BC, the appearance of the first manufactured alloy – bronze (copper and tin 
compounds) – marked the beginning of the Bronze Age. Later, around 2500 BC, iron 
found in meteorites first was smelted from ores, and hence the Iron Age began. Around 
100 BC, the first Steel objects appeared in India. From these beginnings, the study of 
production of metals and the manufacture of alloys – metallurgy – arose and developed 
rapidly (Csuros et al., 2002).   
2.1.2 What are heavy metals? 
Although the term "heavy metals" has been often used in the literature of 
environmental pollution as a group name for metals and semimetals (metalloids) that 
have been associated with contamination and potential toxicity or eco-toxicity, the use of 
this term has caused a great deal of confusion. According to a definition (Hawkes, 1997), 
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“heavy metals” consists of the block of metals belonging to Groups 3 to 16 of the 
periodic table, in periods of 4 or greater. Duffus (2001) presented a list of definitions for 
“heavy metals” based on density, atomic weigh or atomic number reported in a review of 
current usage of the term “heavy metals”. Overall, one of the most common definitions of 
“heavy metals” is metals with specific gravities greater than 5g/cm3 (Csuros et al., 2002). 
2.1.3 Sources of heavy metals 
Metals and metalloids occur naturally in the Earth's crust, and are released to soils 
and the hydrological cycle during physical and chemical weathering of igneous and 
metamorphic rocks. Though some of the less reactive metals are found in the uncombined 
state such as gold, most metals are found in nature in compounds. Some metals are 
naturally abundant with high background concentrations in nature such as aluminum and 
iron. Other metals are rare with low background concentrations in nature such as 
mercury, cadmium, silver and selenium (Elder, 1988). Localized deposits of certain metal 
compounds are called ores which have certain desirable components in sufficiently high 
concentrations to make their extractions economical (Csuros et al., 2002). For example, 
lead, a very heavy, soft highly malleable, bluish-gray metal, is found in the minerals 
called galena (PbS), cerussite (PbCO3) and anglesite (PbSO4), and of these galena is used 
for the extraction of lead. Zinc mainly refined from sphalerite ((ZnFe)S), which often 
occurs in galena (PbS). Cadmium is less abundant than zinc and is usually found as an 
impurity in zinc ores. The principle cadmium mineral is hexagonal CdS, greenockite. A 
reddish-brown, malleable, ductile metal with high electrical conductivity and resistance 
to corrosion, copper is widely distributed in nature in ores containing sulfides, arsenides, 
chlorides, and carbonates. Arsenic is silvery white, very brittle and semi-metallic, and is 
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associated with nickel, copper in their ores such as niciolite (NiAs), gersdorffite (NiAsS), 
Tennantite (4Cu2S.As2S3) and enargite (3Cu2S.As2S5) (Fergusson, 1990).      
2.1.4 Sources of heavy metal contamination 
Human activities can increase metal concentrations to higher than background 
levels. The followings are certain main anthropogenic sources of heavy metal pollution 
(Csuros et al., 2002): 
 Mining and processing ores: Digging a mine, removing ore from it, and 
extraction and processing of the minerals may destroy habitats, farmland, and 
homes; produce soil erosion; and pollute waterways via toxic drainage. Ore 
processing, smelting, and refining operations can cause deposition of large 
quantities of heavy metals, such as lead, zinc, copper, arsenic, and silver into 
drainage basins or direct discharge into aquatic environments. 
 Domestic wastewater effluents: Large amounts of heavy metals – copper, lead, 
zinc, and cadmium, can be found in metabolic waste products, corrosion of water 
pipes from the domestic wastewater effluents while iron, manganese, chromium, 
nickel, cobalt, zinc, and arsenic are often present in household products, such as 
detergents. Although wastewater treatment can removes metals from the influent, 
more than 50% of metal content in the influent still remain in the effluent. 
Moreover, the sludge resulting from wastewater treatment is also one of the major 
artificial sources of cadmium, chromium, copper, iron), lead, and mercury 
pollution.  
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 Storm water runoff: Many activities such as city planning, traffic, road 
construction, land use, can contribute to the metal pollution in the receiving 
waters via storm water runoff from the urbanized areas.  
 Industrial wastes and discharges: Industrial waste and discharges are one of the 
major anthropogenic sources of specific heavy metal pollution depending on the 
profile of a specific industry. 
 Agricultural runoff: The metal content of agriculture runoff originates in 
sediments and soils saturated by animal and plant residues, fertilizers, specific 
herbicides and fungicides, and use of sewage and sludge as plant nutrients.  
 Fossil fuel combustion: Fossil combustion is a major source of airborne metal 
contamination of natural waters.  
2.1.5 The effects of heavy metals to human beings  
Heavy metals known to perform functions essential to life include iron, 
manganese, cobalt, copper, selenium, zinc, chromium, etc.  For example, iron and copper 
are required for synthesis of hemoglobin. Manganese and iron are constituents of some 
coenzymes. Zinc is an important part of many enzymes necessary for normal tissue 
growth and healing of wound and the sense of taste and appetite. Chromium is necessary 
for the proper utilization of sugars and other carbohydrates by optimizing the production 
and effects of insulin. However, excessive exposure or intakes of heavy metals may cause 
many heath problems. For example (Fergusson, 1990; Csuros et al., 2002):   
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 Arsenic: Arsenic is toxic to human beings, especially the trivalent compounds 
(As3+). In low doses, arsenic is used as a medication to enhance growth. At low 
intake levels, arsenic can accumulate in the body over time. 
 Cadmium: Cadmium compounds are quite toxic. Intake of cadmium can cause 
high blood pressure, heart disease, and even death. Acute overexposure to 
cadmium fumes may cause pulmonary damage, while chronic exposure is 
associated with renal tube damage and an increased risk of prostate cancer.  
 Chromium: Trivalent chromium (Cr3+) may be essential in human nutrition, but 
hexa-valent chromium (Cr+6) is highly toxic. Intake of hexa-valent chromium can 
cause hemorrhaging in the liver, kidneys, and respiratory organs. When people are 
exposed to hexa-valent chromium, dermatitis and ulceration and perforation of the 
nasal septum have been developed. Also, gastric cancers, presumably from 
excessive inhalation of dust containing chromium, have been reported.  
 Copper: Although essential for life due to its major role in enzyme functions, 
copper in large amounts is quite toxic. For example, copper salts are used to kill 
bacteria, fungi, and algae, and paints containing copper are used on ship hulls to 
prevent fouling by marine organisms. Acute exposure overdose causes an 
immediate metallic taste, followed by epigastric burning, nausea, vomiting, and 
diarrhea.  
 Lead: Lead is toxic to the nervous system of human beings, especially children. It 
is readily absorbed from the intestinal tract and deposited in the central nervous 
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system. High lead levels in blood (more than 10µg/dl) may contribute to learning 
disabilities, nervous system damage, and stunted growth.  
 Nickel: Nickel and its compounds have little toxicity. Nickel itch or contact 
dermatitis is the most commonly seen reaction to nickel compounds especially in 
women due to use of nickel in costume jewelry, especially earrings. Chronic 
exposure to nickel causes cancer in the respiratory tract and the lungs.   
 Zinc: Excessive zinc intake may inhibit copper absorption and lead to copper 
deficiency. Acidic beverages packaged in galvanized containers may produce 
toxic zinc concentration levels, causing nausea, vomiting, stomach cramps, and 
diarrhea.  
2.2 Heavy metals in the sea-surface microlayer (SML) 
2.2.1 Definition of the sea-surface microlayer (SML)  
According to a definition of the Joint Group of Experts on the Scientific Aspects of 
Marine Environmental Protection (GESAMP, 1995), the sea-surface microlayer, the 
interface through which all gaseous and particulate materials must pass when exchanging 
between the ocean and the atmosphere,  has often been defined as the top 1 to 1000 
micrometers of the ocean surface.  
Although the SML represents only a thin slice of the water column, there are 
many complex processes occurring in the SML. For example, plankton in the water 
column produce an abundance of particulates and dissolved organic materials that are 
partly transported to the SML either passively by floatation or actively by bubble 
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transport. Atmospheric deposition also enriches the sea surface with natural and 
anthropogenic compounds which often accumulate there in relatively high concentrations 
compared to the water column. Hence, the micro-layer can serve as both a source and a 
sink for materials in the atmosphere and the water column (Figure 2.1). Among these 
materials are large quantities of toxic metals, such as, lead, copper, zinc, nickel, cadmium 




There are many distinct methods used to collect the sea-surface microlayer for 
chemical and biological analysis. These methods are distinguished from each other by the 
physical manner in which they collect the SML. To date, the screen (Garrett, 1965), 
rotating drum (Harvey, 1966) and glass plate (Harvey and Burzell, 1972) are the most 
Figure 2.1: Sources and sinks of natural and man-made materials and the sea-
surface microlayer (Liss, 1975) 
ampler and sampling techniques 
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commo
the SM
 The screen sampler: The principle of this sampling method is as described by 
Garrett (1965): small rectangular cells of water from a layer of the SML are 
captured in the interstitial spaces of a wire or plastic mesh by means of surface 
tension forces. In order to sample, 
screens are immersed and held below 
 The rotating drum sampler: This 
method was developed by Harvey 
(1966) and Carlson et al. (1988) in order 
nly used sampling techniques for microbiological and chemical investigations of 
L. 
the surface until there a fresh, 
undisturbed surface is formed above 
them. The screens are then brought 
slowly and horizontally to the surface, 
and tilted to drain the SML into sample 
bottles. (Carlson, 1982). The physical 
thickness of the SML sample collected 
by the screen sampler is calculated from 
the void area of the screen and the 
volume of seawater collected. The SML 
collected by this method is typically the 
upper 200-400µm (GESAMP, 1995).  
Figure 2.2: Rotating drum sampler 
             (Harvey, 1966) 
Figure 2.3: Schematic diagram of the 
rotating drum sampler (Harvey, 1966) 
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to collect large sample from the SML. The SML i
about 9 rpm.
slowly forward while mounted on a small boat. The
drum is automatically wiped off by a rubber blade int
2.3 and Figure 2.4). This sampler is suitable for use 
collection of several liters of SML sample within
Obbard, 2004). The thickness of the SML sample co
is calculated from the area of surface sampled a
collected, and varies from 20 to 100µm (GESAMP, 1
on a number of factors including water temperature,
surface slicks and the speed of rotation (Harvey, 1966
plate of convenient 
size is dipped quickly and 
vertically pulled through the 
s collected by a rotating drum of 
 The drum sampler is pushed 
 SML water adhering to the 
o a sample container (Figure 
in calm weather and permits 
 20-60 minutes (Wurl and 
llected by the drum sampler 
nd the volume of seawater 
995). The thickness depends 
 the presence and density of 
; GESAMP, 1995).  
 The glass plate sampler: A 
glass 
ceramic, glass or Teflon with a speed of 
water surface at a rate of 2-
40cm/s. The withdrawal rate 
is carefully maintained so 
that a layer approximately 
60-100µm thick is retained 
(Harvey and Burzell, 1972; 
Carlson, 1982; Zhang et al., 
 
 Figure 2.4: Glass plate sampler
 (Harvey and Burzell, 1972)  13 
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2003). SML samples are then scraped from both sides of the plates with a rubber 
wiper blade and drained into sampling bottles (Figure 2.4). 
2.2.3 The enrichment of heavy metals in the SML 
The sea-surface microlayer represents the interface between the ocean and the 
atmosphere where the exchange of materials is controlled by complicated 
physicochemical processes. This layer is a physically stable environment due to surface 
tension forces, but climatically unstable once subjected to greater environmental and 
climatic variation than the water column. The SML can serve as both a sink and a source 
for heavy metals such as arsenic, cadmium, copper, chromium, nickel, lead and zinc. 
Particulate matter, with associated heavy metals, can move from the benthic sediments 
and water column by upwelling, convection, diffusion, or bubble floatation and 
concentrate at the SML while atmospheric particles can settle onto the SML (Hardy, 
1982). Hence, both atmospheric deposition and bubble floatation from the water column 
are potential contributors of particulate matter to the SML (Figure 2.5).  
 
Figure 2.5: Transport processes for particulate matter in the microlayer (Hunter, 1980) 
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The abundant presence of organic matter in the SML can account for the 
enrichment of dissolved metals in this layer. It is well-known that organic matter exists in 
seawater, and is enriched into the sea surface microlayer via surface tension. Meanwhile, 
it also is known that trace metals and organic matter can form organometal complexes. 
Hunter and Liss (1981) suggested that dissolved metals could be enriched in the SML due 
to complexation reactions between metal-ions and organic ligands normally enriched in 
the SML. Also, Zhang et al. (1996, 1997, 2003) found that metals and organic ligands, as 
well as solid particles can form ternary surface complexes “metal–organic ligand–solid 
particle”. As a result, dissolved metals can be enriched in the SML. The complex 
mechanism of dissolved metal enrichment in the SML is illustrated in Figure 2.6 (Lion 
and Leckie, 1981).  
 
Figure 2.6: The fate of dissolved trace metals at the SML 
 (Lion and Leckie, 1981; Hardy, 1982) 
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2.3 Hea
2.3.1 Sources of heavy metals in the water column 
Heavy metals in the water column are contributed by natural and anthropogenic 
sources. They enter the water body naturally from the atmosphere and via run-off and, in 
the cas
vy metals in the water column 
e of larger water bodies such as lakes and oceans, from smaller streams and rivers. 
Some of the anthropogenic sources of heavy metals include industrial wastes and by-
products generated by mining and smelting, production and use of materials containing 
the heavy metals, burning of fossil fuels, leaching of waste dumps, urban run-off, sewage 
effluent, shipping, waste dumping and agriculture run-off. Figure 2.7 indicates how 
pollutant materials, especially heavy metals, move in the hydrosphere.  
 
Figure 2.7: Movement of pollutants in the hydrosphere (Fergusson, 1990) 
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In Singapore, the main sources of heavy metals originate from vehicular exhaust 
and industrial activities such as dredging, reclamation, construction and shipping on the 
estuaries and coastal waters.  
2.3.2 Metal partitioning – dissolved and particulate phases 
In the marine environment, heavy metals are partitioned amongst dissolved 
phases, suspended and bottom sediments and biota in the water column. According to 
Elder (1988), the fractionation of heavy metals depends on many factors including 
organic matter composition, pH, salinity and binding affinities of heavy metals. The 
dissolved fraction that represents the principal source of bio-available metals is favored 
under conditions of low pH, low particulate loads and high concentrations of dissolved 
organic matter. Low pH is particularly important because:  
(ii) The adsorption capacity of solid surfaces decreases; and  
ns due to clay-
organic
(i) The solubility of metal hydroxides increases as pH decreases;  
(iii) H+ ions compete with metals for coordination sites on organic molecules.  
More heavy metals may also enter solution as water hardness increases since 
cations (especially Ca2+ and Mg 2+) also compete with metals for binding sites. However, 
increasing salinity usually results in reduced dissolved metal concentratio
 particles forming flocs with a high settling velocity. High pH and Eh as well as 
elevated particulate organic matter concentrations favor metal partitioning to bottom 
sediments, or to suspended particulate phases if hydraulic energy is high enough (Figure 
2.8). 
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A number of studies have been carried out in order to investigate the distribution 
and fate of heavy metals in the water column. Blackmore (1998), Zeri and Voutsinou-
Taliadouri (2003) indicated that the distribution and behavior of heavy metals in the 
seawater column and sediments were controlled by many complicated physiochemical 
processes such as hydrodynamic mixing, adsorption onto both inorganic and organic 
phases, complexation, precipitation, biological uptake and diffusion from bottom 
sediments. Leivuori and Vallius (1998) described in a study of heavy metals in water 
column, that 11 m above the bottom, 77% of suspended particulate matter was originated 
and some environmental conditions that favor each phase (outside triangle) (Elder, 1988)  
2.3.3 Distribution and behavior of heavy metals in the water column 
Figure 2.8: Metal partitioning in water column among 3 major phases (inside triangle) 
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from re-suspension of sediments. It is well known that decomposition of sinking organic 
matter, oxygen depletion in surface sediments and oxic/anoxic conditions play an 
important role in heavy metal burying in sediments and re-mobilisation processes from 
sediments into the water column (Sundby et al., 1986, Sundby et al., 1992, Gobeil et al., 
1997, Roden and Edmonds, 1997 and Sullivan and Drever, 2001). Sokolowski et al. 
(2001) showed that particulate organic matter, chlorophyll a and iron and manganese 
oxyhydroxides govern the behavior of heavy metals in the water column.  










sedime sed to the water column, either 
as re-suspended material or in a dissolved form after geochemical transformation in the 
sediments (Leivuori et al., 2000; Taillefert and Gaillard, 2002).  
seawate
and dis
rces of heavy metals in the marine ecosystem, and plays an important role in the 
rt and storage of potentially hazardous metals. The processes controlling heavy 
oncentrations of suspended particulate matter are generally well known, but the 
 importance of the different processes is poorly quantified. In marine ecosystems, 
late organic and inorganic toxic pollutants including heavy metals enter the water 
 via atmospheric input, river runoff, local point sources and bottom sediment re-
ion (Nguyen et al., 2005). Heavy metals are mainly bound to fine-grained 
s of mineral or organic origin as well as to iron and manganese sulphides and 
roxides. Adsorbed on particulate matter, heavy metals will ultimately reach the 
nts where they become permanently buried or relea
The interaction of dissolved heavy metals with suspended particulate matter in 
r has been suggested as the major controlling factor affecting the concentration 
tribution of heavy metals throughout the water column (Sherrell and Boyle, 1992). 
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In gen
concen sult from particle formation, decomposition, and transport superimposed 
upon physical mixing and advection processes. Due to the abundance of the suspended 
particulate matter and their large available surface area, it has been suggested that they 
control exchange with dissolved metals. Several studies have described the distribution of 
heavy metals that are relatively abundant in suspended particulate matter (Bishop and 
Fleisher, 1987; Landing and Bruland, 1987; Bishop et al., 1977). Detailed vertical 
profiles of heavy metals in the seawater column have been conducted by some authors. 
Haraldsson and Westerlund (1988) reported the concentrations of heavy metals cadmium, 





of susp ter column of the Sargasso Sea near Bermuda. 
etal contamination of 
the water column of the NE Atlantic Ocean after the sinkage of the Prestige tanker on 
Novem
eral, it is clear that vertical and horizontal variation in dissolved heavy metal 
trations re
ck Sea and Framvaren Fjord. Another study (Westerlund and Öhman, 1991) showed 
t complete investigation of the dissolved and particulate heavy metals including 
m, copper, cobalt, nickel, lead, and zinc in the water column of the Weddell Sea, 
ica. Sherrell and Boyle (1992) conducted a study on the heavy metal composition 
ended particles in the oceanic wa
Other authors (Prego and Cobelo-García, 2004) studied the heavy m
ber 19th, 2002. Overall, the typical vertical distribution of heavy metals can be 
summarized as follows: 
 Recycled heavy metals (Nutrient type or Biological): The distribution of these 
heavy metals is controlled by biological cycling. Typical profiles show depletion 
in the surface waters and increases with depth. Marine organisms often 
accumulate in the sea surface layer, especially phytoplankton. These organisms 
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uptake dissolved carbon, nutrients and heavy metals in order to grow and produce 
organic matter and hard body parts. Therefore, such heavy metals are depleted 
from the surface water. Dead organisms and fecal matter sink into the deeper 
water, get re-mineralized by bacterial oxidation or dissolution and release the 
metals to the water column. The results in the depletion of the recycled heavy 
metals in surface waters and enrichment at depth.  
 s are those necessary to 
sustain life and which may exist in low concentrations so they have the potential 
to limit biological productivity. The concentrations of these heavy metals in 
p 
 
t the surface. This distribution is at least partly because 
 ination of 
the “nutrient-like” and “scavenging-like” types. That means that just because a 
Bio-limiting heavy metals: Bio-limiting heavy metal
surface waters drop down to zero. Iron is one of the most notably bio-limiting 
heavy metals in the aquatic environment. Other heavy metals like Cd, Zn, Ni, Cu, 
Se are sometimes depleted in surface waters and progressively enriched in dee
waters.  
Scavenged heavy metals: These metals typically have vertical profiles that show 
a decrease with depth due to adsorption of the ions or ionic complexes onto 
particle surfaces, such as clay minerals, organic matter, bacteria, fecal pellets, 
which normally enriched a
of dust input from the atmosphere. These metals are relatively unaffected by 
biological uptake, but adsorb onto particles easily. Heavy metals with this 
behavior include Pb, Sn, Co. 
Mixed Behavior: Many heavy metals exhibit behavior that is a comb
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metal has one type of profile it does not mean that it is not involved in other 
processes. For example, there are some metals with the recycled profiles that are 
also scavenged (Ni, Cu, Zn, Fe). 
Increasing awareness of the important role of sediments in the transport and 
storage of heavy metals in the marine environment has led to great concern about the 
levels of potentially hazardous heavy metals in sediments being deposited onto the 
coastal environment. There are two general methods of assessing the metal burden of 
sediment samples including the total metal content and the potentially bioavailable metal 
content. The use of strong acid digestion (HF, HCl and HNO
2.4 Chemical speciation of heavy metals in marine sediments 
n of potentially-available metals by sequential chemical 
extraction offers a more realistic estimate of actual environmental impact and behavior. 
The principle of this method is based on the fractionation of a material into different 
fractions which can be selectively destroyed using specific extractants (Bruder-Hubscher 
et al., 2002). The fractions which are most frequently studied are: 
hich are soluble under acidic conditions. 
3) to determine total metals 
in sediments may be misleading when assessing environmental risk due to the risk being 
overestimated. The determinatio
 The exchangeable fraction in which elements are easily extracted with solutions 
containing electrolytes or with slightly acidic solutions. 
 Carbonates w
  22 
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 Iron and manganese oxides are thermodynamically unstable under anoxic 
conditions and it is possible to extract iron with a reducing solution followed by 
d or a complexing agent to avoid the precipitation of the metal in solution. 
 Natural organic matter (humic and fulvic acids) which has a high capacity of 
complexation. Trace elements are bound to the functional groups of humic or 
vic acid. To release the elements in solution, these acids can be degraded under 
oxidizing conditions with heat over several hours. This is generally performed 
using hydrogen peroxide. 
 The residue contains silicates and other minerals w  elements in their 
crystalline structure. These elements can not be released into the environment 
under natural conditions. The residue can be decomposed by a digestion with 
ric acid s nitric or pe
The mobility of heavy metals as well as their bioavailability depends strongly on 
ical for  binding. Consequently, these have to be 
xic effects and study 
l pathway ical species or 
binding forms is diffic inations of broader forms such as so-called 
rbon ures 
can be a good comp ation on environmental contamination risk 
 et al., 
been designed for the determ ms of heavy metals in soil and 




hydrofluo  and oxidizing acids, such a rchloric acid.  
their specific chem ms or ways of
determined rather than the total element contents in order to assess to
geochemica s. However, the determination of specific chem
ult. Therefore determ
“mobile” or “ca ate-bound” forms, depending on operationally
romise to give inform
-defined proced
(Quevauviller 1997). As a result, single and sequential extraction schem
ination of binding for
e widely applied for assessing heavy metal
es have 
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mobility in sediments (Stephens et al., 2001; Steve et t al., 
2000), soils (Mossop and Davidson, 2003), waste materials (Alonso et al., 2002) and ash 
(Bruder-Hubscher et al., 2002). 
 
EXTRACTED SEDIMENT  
 al., 2001 and Sahuquillo e
Among the sequential extraction schemes proposed to investigate the distribution 
of heavy metals in soil and sediment, the five-step and six-step extraction procedures 
developed by Tessier et al. (1979) (Table 2.1) and Kersten and Forstner (1986) (Table 
2.2), respectively, were used most widely. Following these two basic techniques, some 
modified procedures with different sequences of reagents or operational conditions have 
been developed (Borovec et al., 1993; Campanella et al., 1995; Zdenek, 1996 and Gomez 
Ariza et al., 2000).   
 
FRACTION EXTRACTION METHOD 
COMPONENTS 
 
F1, Exchangeable  
 








1M NaOAc, pH5 (HOAc), 5h 
 






20% HNO3 (v/v), 0.5h  
F5, Residual 4
 Reducible  0.04 M NH2OH.HCl in 25% (v/v) 




30% H2O2, pH2 (HNO3), 5h at 850C, 
extracted with 3.2M NH4OAc
Sulfiles/organics 
Hot concentrated HF – HClO   Metals bound in lithogenic 
minerals 
Table 2.1: The 5-step sequential extraction procedure (Tessier et al., 1979) 
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le 2.2: The 6-step sequential extraction procedure (Kersten and Förstner, 1986) 
ION EXTRACTION METHOD 








HNO , 12h 
F4, Moderately 0.1M oxalate buffer pH3, 24h in 
the dark 
Amorphic Fe oxides 
F5, Sulfidic/ 30% H O , pH2 (HNO ), 2h at 
0
NH OAc in 6% HNO , 12h  
Sulfiles and organic matter 
F6, Residual Hot concentrated HNO Metals bound in lithogenic 
minerals 
rbonatic  1M NaOAc, pH5 (HOAc), 5h Carbonates  









A large number of sequential extraction procedures have been developed. The 
great variety of reagents and the phases intended to be isolated together with the lack of 
reference materials have prevented results being compared worldwide. Consequently, the 
Community Bureau of Reference (BCR, now Standards, Measurements and Testing 
Programme) organized a series of inter-comparisons on extractable heavy metal 
determination in order to propose a scheme allowing the harmonization of the different 
existing procedures. As part of this program, the BCR proposed a sequential extraction 
procedure (Table 2.3) based on acetic acid extraction (step 1), hydroxylamine 
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hydrochloric extraction (step 2) and hydrogen peroxid ion 
(step 3) in 1992, that was accepted by a large group of ding the 
" ue oil and S . 
1993; Salomons 1993; Fiedler et al. 1994; Thomas et al. 1994). The extraction steps used 
in the sequential extraction procedure are as follows: 
 1 (  f mount of each 
element that w nvironment if conditions became more 
acidic. It is th e union to the sediment and therefore, 
ent.     
 Fraction 2 (Reducible fraction): This fraction theoretically represents the 
contents of each metal bound to iron and manganese oxides that would be 
released if the sediment were subjected to more reductive conditions.  
3 (O ction etal 
bound to the organic matter and sulfurs which would be released into the 
nt i e.  
n 4 (R fra e strongest 
association to the crystalline structures of the minerals and which are therefore the 
ifficult s a
The next step of this program was certification of extractable contents of Cd, Cr, 
Cu, Ni, Pb and Zn, in a sediment candidate reference material, CRM 601, following the 
three-step sequential extraction (Quevauviller et al., 1997). In this certification campaign 
e/ammonium acetate extract
 specialists atten
Workshop on Seq ntial Extraction in S ediments" held in Spain (Ure et al
 Fraction Acid soluble fraction): This
ould be released into the e
e fraction with the most labil
raction shows the a
the most dangerous for the environm
 Fraction xidable fraction): This fra represents the amount of m
environme f conditions became oxidativ  
 Fractio esidual fraction): In this ction, the metals with th
most d  to separate from the sediment re extracted.    
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only 60% of the extr ts were cer hilst the remaining metals 
ould not be certified due to high variability between results obtained by different 
laboratories, especially in step 2 of the extraction.  The study performed using CRM 601 
as the test substrate, led to the development of a modified BCR sequential extraction 
rocedure (Rauret et al., 1999). The revised protocol (Table 2.4) involves use of an 
creased concentration of NH2OH.HCl and lower pH. It improves analytical 
reproducibility due to a more efficient dissolution of the reducible fraction of the soil 
matrix, most probably the iron oxyhydroxide phase. Additionally, a new reference 
aterial BCR 701 (a freshwater sediment) has been deployed with certified fraction-
specific concentrations for Cd, Cr, Cu, Ni, Pb and Zn for the optimized BCR procedure 
(Rauret et al., 2001).  
 
 
FRACTION EXTRACTION METHOD 
EXTRACTED SEDIMENT  
COMPONENTS 







F1, Acid soluble 
  
 and carbonates 0.11M HOAc, 16h  Exchangeable ions
F2, Reducible  0.1M NH2OH.HCl, pH2 
(HNO3), 16h 
Iron-manganese oxides 
30% H2O2, pH2 (HNO3), 2h 
at 850C, extracted with 1M 
NH4OAc pH2 (HNO3), 16h  
Sulphiles/Organics 
F4, Residual Aqua regia digestion 
(Recommendation)  
Metals bound in lithogenic 
minerals 
F3, Oxidable   
 
Table 2.3: The BCR sequential extraction method (Ure et al. 1993) 
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EXTRACTED SEDIMENT  
COMPONENTS 
FRACTION EXTRACTION METHOD 
  
  28 
F1, Acid soluble 0.11M HOAc, 16h at 250C 
 
Exchangeable ions and carbonates 
F2, Reducible 0.5 M NH2OH.HCl, 16h at Iron-manganese oxides 
250C 
F3, Oxidable 30% H2O2, pH2 (HNO3), 2h 
at 850C, extracted with 1M 
NH4OAc pH2 (HNO3), 16h 
Sulphiles/Organics 
F4, Residual Aqua regia digestion 
(Recommendation) 










Table 2.4: The modified BCR sequential extraction method (Rauret et al., 1999) 
 
 Materials and Methods 
CHAPTER 3     
MATERIALS AND METHODS 
 
3.1 Ch
used for heavy metal 
nalysis were of high purity, unless otherwise 
stated. Especially, nitric acid (Fluka), 
(Merck
All containers, syringes, pipette tips, centrifuge tubes, beakers, volumetric flask, 
sample vials used for sample collection and storage were made of high density 
 
emicals 
Double de-ionized water (18 MΩ) was 
supplied by an ELGA water purifier (Figure 
3.1). All chemicals 
a
hydrofluoric acid (Fluka), hydrogen peroxide 
), ammonium acetate (Merck) were ultra 
pure. Analytical grade acetic acid and 
hydroxylamine hydrochloride were purchased 
from Sigma. Trace metal standards was 
obtained from J.T. Baker, USA.  
3.2 Cleaning method for lab-ware 
Figure 3.1: The ELGA water purifier 
polyethylene (HDPE) or polytetrafluoroethylene (PTFE). The lab-ware was soaked for 24 
hours in a hot 2% detergent solution, and then thoroughly rinsed with hot tap water 
followed by DI water. Materials were then allowed to stand for 24 hours at room
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temperature in a 5% HNO3 solution and then thoroughly rinsed with DI water. 
Volumetric flasks and sample containers were filled with 5% HNO3 until use. Beakers, 
syringes and pipette tips were dried in the oven at 500C and kept wrapped in pre-cleaned 
plastic.
3.3 Sample preparation 
Studies of heavy metals in seawater may require analysis of the whole sample for 
total metals or separation of dissolved and particulate fractions, depending upon project 
bjectives. Total metals are defined as the concentration of metals determined on an 
unfiltered sample after digestion. The dissolved fraction of a water sample is defined as 
the fraction that passes through a 0.45 µm membrane filter when an unpreserved water 
sample
3.3.1.1 Sample preparation for dissolved metals  
acuum prior to preservation. 
Filter papers were acid-washed and dried before use. After the samples were filtered, the 
filtrates were acidified to pH of 2 using concentrated nitric acid and used for dissolved 
 
 Filters were rinsed with 5% HNO3 solution three times prior to use. 
3.3.1 Seawater 
o
 is filtered. The particulate fraction is defined as the material that is retained on a 
0.45µm filter. In my studies, heavy metals in seawater samples were analyzed as 
dissolved and particulate phases.  
Samples were filtered through a 0.45µm filter using v
metal determination.  
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3.3.1.2 Sample preparation for particulate metals 
were retained for further analysis of the particulate metals or un-filterable metals. The 
filter papers containing the particu ate matter were transferred to the laboratory for 
determination of particulate metals. Samples were filtered in the field. If the sample could 
not be filtered in the field, they were stored (without 
Unpreserved samples were filtered through a 0.45µm filter, as for collection of 
dissolved metals, as acid can dissolve metals in the particulate phase. The filter papers 
l
acidification) in an ice-box. 
Filtrati
ples, a microwave-assisted acid 
ction 3.3.3.3, was used 
and the acid volumes used were modified according to the particulate weight. 
3.3.2.1 Homogenization  
Organisms collected in the field were transported to the laboratory in 
polyethylene bags in ice-boxes and processed within 24 hours of collection. Biological 
tissues stion to ensure that the 
sample improve digestion 
efficien educe the risk of 
contamination. Homogenized samples were stored in the dark at -200C.  
 
on and preservation was completed within 24 hours of collection.  
Particulate metal samples were digested prior to analysis. Since a standard method 
is not available for digesting particulate metal sam
digestion procedure (U.S. EPA Method 3052), as described in Se
3.3.2 Biota 
 of interest were extracted and homogenized prior to dige
s for analysis are representative of the organisms and to 
cy. Sample handling during this step was minimized in order to r
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3.3.2.2
Approximately 2g of homogenized wet tissue was weighed (± 1 mg precision) in 
a PTFE vessel containing 10ml concentrated HNO3 (Fluka). The vessel was capped and 
heated in a MARSX microwave oven (CEM, Matthews, NC). The temperature of each 
sample rose to 115 ± 5°C in approximately 10 minutes and hold at 115 ± 5°C for 10 
minutes. Samples were analyzed by an ELAN 6100 (Perkin-Elmer, Wellesley, MA) 
inductively coupled plasma–mass spectroscopy (ICP-MS).   
3µm). In my study, the air-dried samples 
ments. The oven dried sediment 
samples (set point of temperature ≥ 40°C) should not be used for the heavy metals 
analysis in order to prevent the loss of the more volatile inorganic compounds in the 
The moisture content of the air-dried sample was calculated by further heating a 
separate portion of air-dried sediment in an oven at 105 ± 2
Sedime
 Microwave assisted extraction 
3.3.3 Marine sediment 
3.3.3.1 Preparation for sediment samples 
Sediment sampling was performed using a grab collector and sediment sub-
samples of around 50g were taken with a plastic spoon. Samples were stored in 
polypropylene centrifuge tubes and kept in the freezer at -20oC prior to processing and 
analysis. In the laboratory, samples were defrosted and air-dried at 30 ± 20C and then 
ground with a pestle and mortar and sieved (<6
were used for determination of heavy metals in sedi
sediment samples through evaporation. 
0C to constant weight. 
nt data are reported on a dry weight basis.  
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3.3.3.2
Duplicate samples of around 5g of air-dried sediment were dried in the oven at 
105°C for 24 hours. Moisture content of the air-dried sample was calculated as below: 




Where:   
(i) m: Moisture content of air-dried sediment sample, %; 
3.3.3.3 Microwave-assisted ac
sample owave-
assisted acid digestion procedure. Three 
replicates of air-d
by digestion with a m
concentrated nitric aci
A detailed descrip
described in U.S. EPA method 3052. Each 
microwave extraction vessel contained 9ml of 
nitric acid and 3ml of hydrofluoric acid together with 0.5g of ground sediment. The 
vessels were capped and heated in a microwave unit (CEM MARSX, Matthews, NC, 
(ii) a: Initial weight of the air-dried sediment sample in gram; 
(iii) b: Final weight of the sediment sample after drying in gram. 
id digestion procedure 
Total metal content of sediment 
s was determined using a micr
ried sediment were analyzed 
ixture (3:1) of 
d and hydrofluoric acid. 
tion of this procedure is 
Figure 3.2: The MARSX (CEM) 
microwave oven 
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3.3.3.4 Modified BRC sequential extraction procedure 
The chemical speciation of heavy metals in sediments was determined using the 
modified BCR sequential extraction of Rauret et al. (2001). The details of the procedure 
are as follows:   
 Step 1 (Acid-soluble fraction - bound to carbonates): For each sample, three 
0.5 g air-dried sediment replicates were placed into 50ml of polypropylene 
as added to the tube 
which was then shaken for 16 hours at a room temperature of 22 ± 50C and a 
speed of 30 ± 10 rpm. The extract was separated from the solid phase by 
centrifugation at 3,000 rpm for 20 minutes. The supernatant liquid was decanted 
into a 50 ml polypropylene centrifuge tube and stored in a refrigerator at 40C prior 
to analysis. The residue was washed with 10 ml of de-ionized water and shaken 
inutes at 3,000 rpm. The 
arefully to avoid loss of the solid residue.  
 Step 2 (Reducible fraction - bound to Fe and Mn oxides): Twenty ml of 0.5 
mole/L hydroxylamine hydrochloride (adjusted to pH of around 1.5 by adding of 
2 mole/L nitric acid) was added to the residue from Step 1 in the centrifuge tube. 
Again, the tube was shaken for 16 hours at 22 ± 50C at a speed of 30 ± 10 rpm. 
Figure 3.2) at 600W to a temperature at 180 ± 50C for 9.5 minutes with a ramp of 
utes. Following extraction, digests were centrifuged at 3,000 rpm for 10 minutes 
 supernatant was analyzed by graphite furnace atomic absorption spectrometry 
S) using a Perkin-Elmer AAnalyst 600. 
centrifuge tubes. Twenty ml of 0.11 mole/L of acetic acid w
again for 15 minutes and then centrifuged for 20 m
supernatant was decanted and removed c
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The extract was separated from the solid phase by centrifugation and decantation 
as described for Step 1 and stored at 40C. The solid residue was washed as in Step 
1 before proceeding to Step 3.  
0
 Step 3 (Oxidizable fraction - bound to organic matter and sulfides): Five ml 
of 8.8 mole/L hydrogen peroxide (pH of 2 – 3) was added carefully, in small 
aliquots, into the residue from Step 3 in the centrifuge tube. The tube was covered 
loosely and digested at room temperature for 1 h with occasional shaking. The 
tube was then continuously digested for 1 h at 85 ± 2 C in a water bath with 
occasional shaking for the first 30 minutes, and the volume was then reduced to 
around 2 to 3 ml by further heating of the uncovered tube. Another 5 ml of 8.8 
mole/L hydrogen peroxide (pH of 2 – 3) was added. Again, the covered tube was 
ated 5 ± 20C and f f olu e unco be 
was reduced almost to A l of 1.0 mol/L ammonium 
acetate (adjusted to pH din ncentrated nitric acid) was ad e 
sidu d the tube w n tem  (overn he 
extract was separated so ifu nd deca as 
described above and stored at 40C. 
 Step 4 (Residual fract on c he line str  of 
the minerals): The re rom 3 gested in a mixture (3:1) of 
ncen ed nitric aci yd   de escripti is 
procedure is given in th s .3.
 
he  to 8  digested or 1 h be ore the v me in th vered tu
 dryness. fter cooling, 25 m
 2 by ad g of co ded to th
re e an as shake for 16 h at room perature ight). T
from the lid phase by centr gation a ntation 
 
ion – str gly asso iated to t  crystal uctures
sidue f  Step was di
co trat d and h rofluoric acid. A tailed d on of th
e previou section (Section 3.3 3).   
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3.4 Graphite furnace atomic absorption spectrometry (GFA
A Perkin-Elmer AAnalyst 600 graphite furnace atomic absorption spectrometer 
(Figure 3.3) was used for analysis and quantification of heavy metals in the digestates 
from the microwave-assisted acid digestion procedure (see Section 3.3.3.3) and the 
sequential extracts (see Section 3.3.3.4).  
The operating principle of the 
(Csuros et al., 2002). In the GFAAS 
technique, a tube of graphite (Figure 3.4) is 
located in the sample compartment of the 
AAS, with the light part passing through it. 
A small volume of sample solution is 
quantit
 the absorbance rises and falls in a peak-
k area is used as the analytical signal for 
AS) 
GFAAS is described in the literature 
Figure 3.3: The Perkin-Elmer AAnalyst 
600 Spectrometer 
atively placed into the tube, normally 
through a sample injection hole located in 
the center of the tube wall. The tube is 
heated through a programmed temperature 
sequence until finally the analyte present in 
the sample is dissociated into atoms. The 
resultant ground-state atomic vapor absorbs 
monochromatic radiation from the source. 
As atoms are created and diffuse out of the tube,
shaped signal. The peak height or integrated pea
Figure 3.4: Graphite tube 
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quantification. The operating conditions of the graphite furnace for the elements of 
interest are given in Table 3.1. 
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Elmer AAnalys 600; protection gas is argon with internal flow rate of 25 mL/min) (John, 
a Ramp tim 
 bHold time 
Table 3.1 Graphite Furnace Heating Conditions for selected metal solutions (Perkin-
1982; Minoia and Caroli, 1992; Grasshoff et al., 1999). 
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3.5 Inductively coupled plasma–mass spectroscopy (ICP-MS) 
Concentrations of heavy metals in the filtered seawater samples (see Section 
3.3.1.1) and the digestates from the microwave assisted extraction of tissue samples (see 
Section 3.3.2.2) were quantified by inductivel
– MS) using an ELAN 61
GFAAS. The typical ICP-MS instrument 
tion system (a 
mber), an inductively 
coupled plasma source, a differentially 
pumped interface, ion optics, a mass 
spectrometer, and a detector. The sample is 
typically pumped to a nebulizer that produces 
an aerosol with a range of drop sizes from sub-micrometer to 40µm in diameter. The 
aerosol is modified when it passes through a spray chamber. Most aerosol drops that are 
the spray chamber. The spray chamber also limits the total amount of solvent liquid 
that enters the plasma. The aerosol exiting the spray chamber enters the 
hot, atmospheric pressure plasma gas (typically argon).  
y coupled plasma – mass spectroscopy (ICP 
00 instrument (Figure 3.5).  
ICP-MS is a relatively new technique 
for the determination of trace elements in 
solution. It offers better sensitivity than the 
consists of a sampling introduc
nebulizer and spray cha
Figure 3.5: The ELAN 6100 ICP-MS 
(Perkin-Elmer, Wellesley, MA) 
too large to be vaporized effectively in the plasma (>20µm diameter) are eliminated in 
aerosol and vapor 
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Each aerosol drop undergoes a series of processes in the hot plasma (Figure 3.6). 
The solvent evaporates from each drop, leaving a particle. The particle vaporizes and is 
converted into atoms and ions in the plasma. The atoms and ions diffuse outward as they 
travel through the plasma toward the sampling orifice of the mass spectrometer. Analyte 








Figure 3.6: Series of processes a drop of sample undergoes 



























 Materials and Methods 
A fraction of the gas is sampled through the skimmer. A positive ion beam is 
formed as the electrons diffuse and charge separation occurs. The positive ions are then 
focused into the mass spectrometer. Ions of a particular mass-to-charge ratio exit the 
ass spectrometer and are detected (Barshick et al., 2000).  
3.6 Analytical quality control 
3.6
A procedural blank was prepared and analyzed exactly like, and along with, the 
samples. Procedural blanks provide an i easurement 
system to a sample with zero concentratio  analyte. In addition, procedural blanks 
provide an indication of analyte contamination that may occur during sample preparation 
and analysis. Procedural blank responses can also be used to estimate the detection limit 
of the 
3.6.2 Replication 
3.6.3 Certified reference materials (CRMs)/Standard reference materials (SRMs)  
lid procedure, documented by a 
m
.1 Procedural blank 
ndication of the response of the m
n of
measurement system. If the analyte concentration of the procedural blank is less 
than the detection limit, no corrective action is necessary.  
Sample analysis was performed in triplicate, unless otherwise stated. Standard 
reference materials were often quantified from 4 or 5 replicates.  
A reference material is a material containing known quantities of analytes in a 
homogenous matrix. A certified reference material (CRM) is a material that has one or 
more property values certified by a technically va
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certifyi
SRMs are extensively used to check the precision and accuracy of analytical 





ng body, for example National Research Council of Canada (NRCC) and National 
Institute for Standards and Technology (NIST). A standard reference material (SRM) is a 
CRM issued by the NIST.  
(i) CASS-4 – seawater  (NRCC, Ottawa, Ontario, Canada); 
(ii) PACS-2 – marine sediment (NRCC, Ottawa, Ontario, Canada); 
(iii) BCR-701 – lake sediment (the European Community Bureau of Reference);  
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CHAPTER 4 
HEAVY METALS IN THE SEAWATER COLUMN 
AND SEDIMENTS IN THE COASTAL 
ENVIRONMENT OF SINGAPORE 
 
4.1 Introduction 
Many heavy metals are essential to the metabolism of many marine organisms and 
are bio-accumulated from the marine environment. However, all metals become toxic 
above threshold bio-available levels (Blackmore, 1998). Their global distribution and 
impact upon marine organisms and human health are of great concern due to their 
persistent, non-biodegradable and toxic properties (Florence, 1982; Tokalioğlu et al., 
2002; Yuan et al., 2004). Sources of heavy metals in the m ent include 
atmospheric fallout (consisting of both wet and dry deposition) riverine inputs, wastewater 
discharges and re-suspension of contaminated bottom sediments (Mart et al., 1982; 
Poikāne et al., 2005). Suspended particulate matter (SPM) and sediments are the main 
sources of heavy metals in the marine ecosystem and play an important role in the 
transport and storage of potentially hazardous metals.  
 various processes affecting the distribution and behavior of heavy metals 
in the seawater column and underlying sediments, including hydrodynamic mixing, 
adsorption onto both inorganic and organic phases, complexation, precipitation, biological 
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Taliadouri, 2003). The fate and transfer of many heavy metals is mediated by 
biogeochemical cycling processes, where metals are often depleted in the surface water 
and enriched with depth due to gravitational settling of dead biota and faecal pellets, and 
subsequent decomposition and release of metals into the water column (Mart et al., 1982; 
Westerlund and Öhman, 1991). Meanwhile, the sea-surface microlayer (SML), which 
represents the uppermost layer of the ocean (thickness 50 – 100µm), can serve as a 
reservoir for heavy metals with enrichment relative to the underlying water column. The 
enrichment of heavy metals, especially particulate metals, in the SML may be derived 
from both atmospheric deposition and bubble floatation from the water column (Hardy, 
1982; Migon and Nicolas, 1998).  
Although a number of studies have been completed on the distribution and fate of 
heavy metals in the water column and sediments around the world (Kuwabara et al., 
1989; Westerlund and Öhman, 1991; Poikāne et al., 2005), available data for the Asian 
region are sparse. There have been a few studies providing some data on dissolved and 
particulate metal concentrations in sea water and marine sediments (Goh and Chou, 1997; 
Wood et al., 1997; Nayar et al., 2004). In this study, heavy metal concentrations were 
determined in both seawater and suspended particulate matter in the water column, as 
well as in sediments from two coastal regions of Singapore. The objectives of this study 
were to: (i) to determine the heavy metal levels in the seawater column and sediments, as 
well as the vertical distribution of heavy metals in the seawater column at two sampling 
sites with contrasting hydrodynamic characteristics in the coastal marine environment of 
Singapore; (ii) determine the enrichment of heavy metals in the sea-surface microlayer 
and the sediment-bottom water layer, which represent the uppermost and the lowest 
 43 
 Heavy Metals in the Seawater Column and Sediments in the Coastal Environment of Singapore 
boundary layer to similar data 
reported from other countries. 
4.2 Materials and methods  
of the water column; and (iii) evaluate levels relative 
4.2.1. Study area   
 
SINGAPORE 
Figure 4.1: Singapore map (Source: WorldSwitch.com) 
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Singapore is located approximately 137 km north of the equator in Southeast 
Asia, to the north of Malaysia and to the south of Indonesia, and is composed of 64 
islands including the main island of Singapore (Figure 4.1). This industrialized country 
has a population of over four million people within a confined area of 700 square 
kilometers. Singapore has a tropical climate with relatively uniform temp  
abundant rainfall and high humidity and is affected by two distinct monsoon seasons - 
northeastern monsoon from December to March and southwestern monsoon from June to 
September. Singapore is not only one of the busiest ports in the world, but also home to 
the world’s third largest petroleum refining industry (Ng and Sivasothi, 1999; Wurl and 
Obbard, 2005). 
Samples including seawater, suspended particulate matters and sediments were 
collected from two coastal regions of Singapore (Kranji and Pulau Tekong) in June and 
July, 2004 (see Figure 4.2). Kranji (Station 1) is situated in the West Johor Strait, 
adjacent to mangrove habitat and nearby fish farming activities. This station is also close 
to a causeway built across the Johor Straits in 1924, linking Singapore and Malaysia. As 
a result, the water flow in this coastal region is negligible and fine-grained sediments are 
readily deposited. Water currents are not strong enough to disperse pollutants to oceanic 
waters at the ends of the Johor Straits (Wood et al., 1997). Meanwhile, Pulau Tekong, the 
largest of Singapore’s outlying islands, is situated at the confluence of the Johor Straits 
and the
erature,
 Sungai Johor estuaries, with Singapore to the east and Malaysia to the south, 
where water currents are strong and the water column is well-mixed. This station is 
adjacent to heavy shipping traffic and river discharges.  
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Figure 4.2: Location of Kranji and Tekong in Singapore 
Seawater samples (2 liters each) were collected in duplicate from the SML, 
subsurface, mid and bottom layer of the water column at the two sampling sites. As the 
maximum depths of the two sampling sites differed (6.8m and 11m at Station 1 and 
Station 2 respectively), samples from subsurface, mid and bottom water were collected at 
depths 
n et al., 1988). The detailed sampling procedure for 
collecting the SML has been described in a recent manuscript (Wurl & Obbard, 2005) (see 
4.2.2 Sample collection 
of 1m, 4.8m, and 6.5m at Station 1 and at 1m, 7m, and 10.5m at Station 2, 
respectively. The SML samples (2 liters each) were collected using a rotating drum 
sampler (Harvey, 1966; Carlso
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Section 2.2.2). Briefly, the SML sampler consisting of a rotating glass drum, Teflon 
tubing, pump and a sample container was attached to a research vessel by a 5m long 
aluminum bar fixed on the starboard (Figure 4.3). Before sample collection, the sampler 
was operated in the sea for 10 minutes to rinse the tubing, pumps and the glass drum with 
seawater. The SML sample on the surface of the rotating glass drum (diameter 300mm, 
length 500mm, RPM 7 – 8) was collected into the container using a rubber blade, then 
pumped into the plastic sampling bottles. The subsurface, mid and bottom water from the 
water column samples was collected using a 12V DC Teflon pump. Sediment samples 
were collected in triplicate from the surface layer (10 – 15cm) of the sea bottom using a 
grab sampler. Samples were stored in polypropylene centrifuge tubes and kept in the ice 
box prior to laboratory analysis.  
 
Figure 4.3: The SML rotating drum sampler 
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4.2.3 Sample preparation 
All seawater samples (the SML, subsurface, mid and bottom waters) were 
immediately filtered onboard through acid pre-cleaned cellulose nitrate membrane filters 
samples were then acidified by addition of nitric acid to a pH<2 and stored at 40C. The 
0.45 g SPM were kept in acid pre  
stored at -20°C prior to further processing and analysis. Sediment samples were stored in 
polypropylene centrifuge tubes and kept in the freezer at -20oC prior to processing and 
analysis. 
In aboratory, th s contai  the SML, subsurface, 
mid and bottom layer were emperature (30 ± 2 C) and heated in the oven 
at 600C for 24 hours. Sedim  defrosted and air-dried at 30 ± 2
ground with a pestle and m d (<63µ ses was d on 
the <63µm fraction due to the strong association of metals with fine-grained sediments 
(H , 1989; Go  1997; T ong, 
2000; Ch al., 2003). T  content o sediment  was 
calculated eating a portio ent in an oven at 105 ± 20C to co ight. 
Sediment data in this study are 
Sub-samples for SPM, d TOC analys ltered onbo ugh a 
ples for DOC 
bes with teflon-lined caps and stored at -20°C. The 
 in glass petri dishes at -20°C.  
(Whatman, 0.45µm, 47mm Ø) under vacuum. In the laboratory, the filtered seawater 
µm filters containin -cleaned plastic petri dishes and
the l e 0.45µm filter ning SPM from
dried at room t 0
ent samples were 0C and then 
ortar and sieve m). Metal analy  conducte
orowitz  Elrick, 1987; and  Moore et al. h and Chou, am and W
e et he moisture f the dried samples
 by h n of sedim nstant we
reported on a dry weight basis.  
 DOC an is were fi ard thro
pre-cleaned GF/A filter (Whatman, 1.6µm, 47mm) under vacuum. Sub-sam
analysis were kept in glass test tu
GF/A filters for SPM and TOC analysis were stored
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4.2.4 Sample analysis 
The filtered seawater samples were directly analyzed by inductively coupled 
plasma–mass spectroscopy (ICP–MS) using the ELAN 6100 instrument (see Section 3.5). 
The precision and accuracy of the analytical procedure was validated using a seawater 
reference material (CASS-4, National Research Council, Ottawa, Ontario, Canada) for 
four replicates. 
The dried 0.45µm filters and sediment samples were digested using a microwave-
assisted acid digestion procedure. A detailed description of this procedure is described in 
U.S. EPA method 3052 (see Section 3.3.3.3). Briefly, three replicates of 0.5g dried 
sediment sample were analyzed by digestion with a mixture (3:1) of acid (9ml 
concentrated nitric acid and 3ml concentrated hydrofluoric acid). The sediment samples 
were heated in the microwave unit to a temperature of 180 ± 50C for 9.5 minutes with a 
ramp of 10 minutes. Digests were centrifuged at 3,000 rpm for 10 minutes to clear the 
supernatant which was then analyzed by graphite furnace atomic absorption spectrometry 
(GFAAS) using the Perkin-Elmer AAnalyst 600 (see Section 3.4 and Figure 4.4). 
Similarly, two replicates of the dried 0.45µm filters were digested with a mixture of 3ml 
of concentrated nitric acid and 1ml of hydrofluoric acid following the microwave-assisted 
acid digestion procedure as described above for sediments. Concentrations of heavy 
metals in the SPM are given in terms of both water volume (µg/L) and SPM mass (µg/g). 
TOC was quantified using a Shimadzu TOC5000A and a solid combustion unit 
SSM5000. A continuous flow analyzer (AutoAnalyzer 3, Bran-Luebbe, Germany) was 
sed for measurement of DOC. u
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4.3 Results and discussion   
.3.1 Quality assurance  
reference material CASS-4 and a sediment standard reference material PACS-2 (National 
Research Council, Ottawa, Ontario, Canada) were analyzed using four replicates. Heavy 
dard reference materials used are 
present
Figure 4.4: Analyzing heavy metals in the samples using the GFAAS 
4
In order to verify the accuracy of the analytical methods, a seawater standard 
metal concentrations and recoveries of the stan
ed in Table 4.1. The recoveries were good, averaging 114 ± 10% for seawaters 
and 94 ± 11% for sediments. The analysis of all metals from the seawater standard 
reference material CASS-4 showed satisfactory accuracy, ranging from 103 to 117% 
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except for Cd (132%) with a relative standard deviation of less than 26%. The recoveries 
for metals in the sediment standard reference material PACS-2 were between 84% and 










Table 4.1: Measured and certified values for standard reference materials (seawater and 
 
 
CASS-4 – Seawater (n = 4)1
 
As 1.14 ± 0.04 1.11 ± 0.16 103 ± 4 
Cd 0.030 ± 0.007 0.026 ± 0.003 116 ± 26 
Cr 0.189 4 ± 0.029 132 ± 8 
Cu 0.609 ± 0.037 0.592 ± 0.055 103 ± 6 
Ni 0.355 ± 0.020 0.314 ± 0.030 113 ± 6 
0.0098 ± 0.0036 117 ± 11 
Zn 0.438 ± 0.020 115 ± 5 
 
 
PACS-2 – Marine sediment (n = 4)2
39.5 ± 2.3 
Pb 160 ± 3 87 ± 1 
± 0.012 0.14
Pb 0.0115 ± 0.0011 
0.381 ± 0.057 
Cd 2.20 ± 0.31 2.11 ± 0.15 104 ± 15 
Cr 77.1 ±  1.2 90.7 ± 4.6 85 ± 1 
Cu 340 ± 29 310 ± 12 110 ± 9 
Ni 37.2 ± 2.8 94 ± 7 
183 ± 8 
Zn 305 ± 6 364 ± 23 84 ± 2 
 
Mean and standard deviation of four replicates for each SRM are shown.  
1 The data were presented in µg/L. 
2 The data were presented in µg/g dry weight (dw). 
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4.3.2 In-situ analysis 
Salinity at the two sampling sites during the sampling events was 6.5 ppt (Station 
1) and 22 ppt (Station 2), resulting from abundant rainfall and a restricted hydrodynamic 
exchange of coastal waters at Station 1 (Wood et al., 1997). The data on DOC (mg/L), 
TOC (mg/g) and SPM (mg/L) in the water column from the two sampling stations are 
given in Appendix A.1 and the vertical profiles of DOC, TOC and SP  
Figure 4.5 (Figure 4a, 4c, 4e for Station 1 and igure 4b, 4d, 4f for Station 2). In general, 
DOC and TOC were present at higher levels while SPM was lower at Station 1 relative to 
Station 2. The vertical distribution of DOC, TOC and SPM in the water column differed 
between sampling sites. At Station 1, the profiles were similar between sample events. 
DOC was enriched by a factor of approximately two in the SML compared to the 
subsurface water and this ratio decreased with depth. SPM profiles also showed an 
enrichment by a factor of approximately two in the SML, but concentrations increased 
with depth relative to the subsurface waters. The depth profiles of TOC showed a 
depletion in the SML and a decrease with depth comp to the s rface wa  The 
enrichment of DOC and TOC in the surface water (the SML and subsurface water) 
compared to the underlying water at Station 1, a mangrove area of Singapore, suggests 
higher levels of biological activity in surface compared to the deeper waters. At Station 2, 
the profiles of DOC, TOC and SPM were quite different between sampling events. 
Overall, DOC and TOC at this station varied little with depth whilst SPM was enriched in 
the SML relative to the subsurface water by factors of approximately two-fold.  
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Figure 4.5:  DOC (mg/L), TOC (mg/g) and SPM (mg/L) profiles in the water column 
anji and Station 2 – Pulau Tekong) 
 
4.3.3 C
4.3.3.1 Dissolved heavy metals in the water column 







from two coastal regions of Singapore (Station 1 – Kr
oncentrations of heavy metals in the water column and sediments 
Concentrations of heavy metals in the dissolved phase (DP) for all sampling events 
at the two stations are summarized in Appendix A.2. The dissolved phases of As, Cd, Cr, 
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to 0.16, 0.23 to 0.70, 0.28 to 0.70, 0.009 to 0.062 and 0.97 to 3.66µg/L respectively, 
relative to those measured at Station 2, ranging from 0.82 to 2.04, 0.014 to 0.044, 0.16 to 
0.35, 0.52 to 1.16, 0.35 to 0.78, 0.022 to 0.059 and 1.19 to 3.42 µg/L respectively. The 
highest concentrations of heavy metals were found in the SML and the bottom waters, 
whilst the lowest concentrations were present in the subsurface waters at both sampling 
sites. There was a little enrichment of heavy metals in the SML relative to subsurface 
water. Enrichment factors (EFs) of all metals at the two sampling sites indicated this 
trend. The enrichment factor (EF) is defined as the ratio of the concentration found in the 
microlayer to that of a sub-surface water sample: 
L /[X]SU
Where:  
(i) [X]SML: the microlayer concentration of a species X; 
(ii) [X]SUB: the concentration of X in bulk (sub-surface) water. 
The enr ent factors, reflecting the relative le f contam ion betw the 
SML and subsurface seawaters, for all me with the ex ion of Pb tation 1 Cd 
at Station 2, were slightly greater than 1 reached up .1 for As, 1.9 for Cd, 1.1 for 
Cr, 1.2 for Cu, 1.2 for Ni, 2.2 for Pb and 1.8 for Zn (Table 4.2). These results suggest that 
the pre
EF = [X]SM B
ichm vel o inat een 
tals cept  at S  and 
and  to 1
vailing SML at both sampling stations was not highly contaminated relative to 
subsurface waters, except for Cd, Pb and Zn. The mechanism of dissolved metal 
enrichment in the SML is complicated, but Hunter and Liss (1981) suggested that 
dissolved metals could be enriched in the SML due to complexation reactions between 
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metal-ions and organic ligands normally enriched in the SML. Similarly, the formation of 
temporary surface complexes  or ‘metal–organic ligand–solid particles’ in the SML may 
account for the accumulation of dissolved metals in this layer (Zhang et al., 1996; 1997; 
2003). 
 
Element STATION 1 – KRANJI  STATION 2 - PULAU TEKONG 
 Round 1  Round 2  Round 3  Round 1  Round 2  Round 3  
As 1.1 1.0 0.9 1.0 1.1 1.0 
Cd 1.1 0.6 1.9 1.9 1.5 1.9 
Cr 1.1 1.1 1.0 1.0 1.1 1.1 
Cu 1.1 0..9 1.2 1.0 1.1 1.2 
Ni 1.2 0.9 1.1 1.0 1.2 0.9 
Pb 1.7 2.0 2.2 1.6 1.4 1.1 
Zn 1.8 0.8 1.5 1.6 1.0 1.0 
 
The ranges of heavy metal concentrations in the dissolved phase of seawater 
samples from Singapore and comparative available data from other countries are 
presented in Appendix A.6. There is little previous data available on arsenic and 
chromium levels in seawater from other parts of the world. The concentration levels of 
arsenic in the dissolved phase in this study are comparable to levels reported for Houston 
Ship Channel, USA (Saleh and Wilson, 1999) and the north Australian coast and estuaries 
(Munksgaard and Parry, 2001), whilst levels of chromium are low in Singapore compared 
to those found in Houston Ship Channel, USA (Saleh and Wilson, 1999). Cadmium 
Table 4.2: Enrichment factors of dissolved metals in the SML at Kranji and Pulau Tekong 
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concentrations in the dissolved phase are in a similar range of values reported for the 
Arabian Sea, and coastal waters of Malaysia, England, Wales and France (Fowler et al., 
1983; Seng et al., 1987; Harper, 1991; Law et al., 1994; Kraepiel et al., 1997), but 
elevated relative to those reported for Australia, Korea and USA (Markey et al., 1996; 
Munks
4.3.3.2 Particulate heavy metals in the water column  
d from 0.16 to 0.73, 6.73 to 53.93, 
12.87 to 118.29, 4.34 to 60.71, 1.10 to 6.08, and 43.09 to 370.49 (µg/g), respectively. The 
concentration ranges of heavy metals in the SPM in terms of water volume (µg/L) were 
gaard and Parry, 2001; Lee et al., 1998; Beck et al., 2002). Levels of copper and 
nickel found in Singapore are also similar to results reported elsewhere (Harper, 1991; 
Kraepiel et al., 1997; Apte and Day, 1998; Lee et al., 1998), but low compared to 
available data reported for the Northern Aegean Sea (Fytianos and Vasilikiotis, 1983), 
Arabian Sea (Fowler et al., 1983), Red Sea (El-Moselhy and Gabal, 2004) and coastal 
waters of the USA (Saleh and Wilson, 1999; Beck et al., 2002), England and Wales (Law 
et al., 1994). As shown in Appendix A.6, lead concentrations in the dissolved phase are 
within range or lower than data reported from most previous studies conducted elsewhere. 
Meanwhile, zinc concentrations are elevated relative to those reported in Australia and 
USA (Munksgaard and Parry, 2001; Beck et al., 2002), but much lower than data reported 
for the Northern Aegean Sea and Red Sea (Fytianos and Vasilikiotis, 1983; El-Moselhy 
and Gabal, 2004).  
Concentrations of heavy metals in suspended particulate matter (SPM) at the two 
stations are expressed in terms of both SPM mass (µg/g) and water volume (µg/L), and 
are shown in Appendix A.3 and Appendix A.4. As measured in SPM mass (µg/g), the 
concentrations of Cd, Cr, Cu, Ni, Pb and Zn range
 56 
 Heavy Metals in the Seawater Column and Sediments in the Coastal Environment of Singapore 
between 0.005 to 0.045 for Cd, 0.20 to 2.88 for Cr, 0.42 to 8.73 for Cu, 0.14 to 1.89 for 
 
ANJI  STATION 2 - PULAU TEKONG 
Ni, 0.019 to 0.566 for Pb and 2.15 to 15.38 for Zn. From Appendix A.2 and Appendix 
A.4, it can be noted that all heavy metals in the water column of both sampling sites, 
except for Cd, are dominant in the particulate fraction relative to the dissolved fraction, 
which is consistent with the higher particulate fraction of Cu, Ni, Pb and Zn in the water 
column compared to the dissolved fraction reported by Nguyen et al., 2005. The weak 
binding of Cd to organic compounds in seawater may account for the predomination of Cd 
in the dissolved fraction of the water column (Sadiq, 1992; Wurl and Obbard, 2004).  
Element STATION 1 – KR
 Round 1  Round 2  Round 3  Round 1  Round 2  Round 3  
Cd 0.8 1.5 2.0 1.3 2.8 4.7 
Cr 2.9 1.5 3.4 1.4 2.3 2.7 
Cu 2.2 3.3 5.8 4.4 2.2 8.4 
Ni 1.4 1.1 2.3 1.1 2.7 3.4 
Pb 4.0 3.7 4.8 1.9 2.0 2.9 
Zn 1.7 2.0 1.6 1.7 5.0 3.3 
 
As shown in Table 4.3 and Appendix A.8, the EFs in the SML of heavy metals in 
e SPM were higher than those in the DP, ranging from 0.8 to 4.7 for Cd, 1.4 to 3.4 for 
 4.8 for Pb and 1.6 to 5.0 for Zn. These 
results are consistent with findings from Cheaspeake Bay, USA (Hardy et al., 1990), 
iamen Bay, China (Hong and Lin, 1990) and the Baltic Sea (Brügmann et al., 1992), 
 Table 4.3: Enrichment factors of particulate metals in the SML at Kranji and Pulau Tekong
th
Cr, 2.2 to 5.8 for Cu, 1.1 to 3.4 for Ni, 1.9 to
X
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where the EFs for the particulate form of Cd, Cu, Pb and Zn were greater than those for 
the dissolved form. This suggests that the SPM in the SML plays an important role in the 
enrichment of heavy metals. The enrichment of particulate metals in the SML is mainly 
derived from atmospheric deposition and bubble floatation from the water column (Hardy, 
1982). 
Appendix A.7 shows the concentration ranges of particulate metals in terms of 
SPM mass (µg/g) in seawater samples from Singapore and other locations. Cadmium is 
comparable to available data reported for the Gulf and Western Arabian Sea (Fowler et 
al., 1984), the Gironde estuary in Southwestern France (Kraepiel et al., 1997) and Lake 
Balaton, the largest lake in Central Europe (Nguyen et al., 2005) and substantially lower 
compared to levels elsewhere (Paalman and Van der Weijden, 1992; Price et al., 1996; 
Tankéré et al., 2001). Copper and nickel are also lower than values reported for the 
Rhine/Meuse estuary in the Netherlands (Paalman and Van der Weijden, 1992) and the 
Northern Adriatic Sea (Price et al., 1996), but higher than results for the English Channel 
(Statham et al., 1993) and Northern Adriatic Sea (Price et al., 1996). As shown in 
Appendix A.7, compared with data from other locations in the world, the levels of Pb in 
Singapore are relatively low. Zinc levels in this study are similar to values reported from 
the English Channel (Statham et al., 1993), Southern North Sea (Millward et al., 1998) 
and North Western Black Sea (Tankéré et al., 2001), but still lower than those reported 
elsewhere (Paalman and Van der Weijden, 1992; Price et al., 1996). Overall, 
concentrations of heavy metals in the SPM are not elevated in Singapore compared to 
those recorded from the Rhine/Meuse estuary in the Netherlands (Paalman and Van der 
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Weijden, 1992) and the Northern Adriatic Sea (Price et al., 1996), where the levels of Cd, 
Cu, Ni, Pb and Zn are significantly higher than the reported levels in this study.  
.3.3.3 Heavy metals in sediments 
Concentrations of Cd, Cr, Cu, Ni, Pb and Zn in sediments for all the sampling 
vents are listed in Appendix A.5. Levels of metals in sediments (µg/g) at two sampling 
or Cr, 6.30 to 21.01 for Cu, 13.27 
.59 for Ni, 24.14 to 37.28 for Pb and 48.20 to 62.36 for Zn. There were relative 
ifferences in the levels of heavy metals in sediment samples between two sampling 
ations, where the concentrations of all metals, except for Pb, in the sediments from 
tation 1 were between 1 and 3 times greater than those from Station 2. Anthropogenic 
ischarges from the city of Johor as well as the restricted hydrodynamics at Station 1 
n sediments from Station 1 relative 
Station 2. Of the heavy metals studied, Zn was present at the highest concentration in 
diments from both sampling sites, most likely due to the release of anti-fouling paints 
om boats (Goh and Chou, 1997). A comparison of metal levels in SPM and bottom 
diments from both sampling stations indicates that concentrations of Cd, Cu, Ni and Zn 
the bottom sediments are generally similar to or higher than levels in the SPM. These 
lts re in a reement with the findings fro
s, 1997) and Lake Balaton in central Europe (Nguyen et al., 2005) which suggested 
















resu a g m the Ob-Irtysh river, in Russia (Moran and 
Wood
that t
di harges and inputs from continental weathering.  
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As presented in Appendix A.9, the  from this study are compared to 
vels for marine sediments from other local investigations conducted earlier (Wood et 
l., 1997; Nayar et al., 2004). Concentrations of Cd, Ni and Pb in this study are relatively 
igher, while Cu is lower compared to recent sediment results obtained for Ponggol, 
ingapore (Nayar et al., 2004). Levels of Cd, Cr and Ni in sediments from Station 1 are 
milar to sediment results obtained from the Straits of Johor, Singapore in July, 1993 
od et al., 1997), while Cu, Pb and Zn around two times lower than values from 
e Straits of Johor. The levels of metals in sediments from Station 2 are also lower than 
ose measured in the sediments from the Straits of Johor (Wood et al., 1997), indicating 
at the burden of heavy metals in marine sediments from the Straits of Johor, Singapore 
as decreased over the last decade. 
d, in sediments for the Northern 
egean Sea, Greece (Fytianos and Vasilikiotis, 1983), Pioneer Bay and Nelly Bay, 
ustralia (Esslemont, 2000) and the northern part of the Gulf of Suez, Egypt (El-Moselhy 
nd Gabal, 2004) are lower than the reported levels in this study. However, Singapore’s 
arine sediments are still relatively uncontaminated with heavy metals when compared 
 available data for other countries including Thailand, Japan, Korea, Spain and China 
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4.3.4 Vertical distribution of heavy metals in the water column 
The depth profiles of all metals in the DP from the two stations are presented in 
Figure 4.6 (Fig. 4.6a, 4.6c, 4.6e, 4.6g, 4.6i, 4.6k, 4.6m for Station 1 and Fig. 4.6b, 4.6d, 
4.6f, 4.6h, 4.6j, 4.6l, 4.6n for Station 2). Concentrations of arsenic, cadmium, chromium 
and copper show little difference in vertical profiles between the two locations. The 
profiles of these metals at Station 2 show a slight enrichment in the SML by factors of up 
to 1.10 for As, 1.90 for Cd, 1.07 for Cr and 1.15 for Cu, while there is no clear difference 
 the concentrations of these metals between the SML and subsurface water at Station 1. 
owever, higher concentrations of As, Cd, Cr and Cu in the DP were found in the mid-
epth and bottom water at both sampling sites compared to the SML and subsurface layer. 
he profiles for these metals show a depletion in the subsurface water and an increase 
ith depth, with the highest metal concentrations generally observed in near-bottom water 
nd the lowest concentrations in the subsurface water, indicating a trend of declining 
oncentration from the subsurface to bottom water. The vertical distribution of Ni and Zn 
 water column at both stations is relatively similar (Fig. 4.6i, 4.6m for station 1 and 
ig. 4.6j, 4.6n for station 2) with no apparent enrichment of the dissolved metals in the 
ML and a depletion in the surface layer (the SML and subsurface) compared to 
nderlying water. For Pb, the profiles show an enrichment in the SML by a factors up to 
). A similar finding has been 
ported for the water column of the Weddell Sea, Antarctica (Westerlund and Öhman, 
991). Similarly, Pb was enriched in the SML by factors of up to 1.54 at Station 2, but 
ere is no clear concentration trend for this metal throughout the water column at this 
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Figure 4.6: Dissolved metal profiles in the water column from two coastal regions of 
Singapore (Station 1 – Kranji and Station 2 – Pulau Tekong) 
 
The depth profiles for Cd, Cr, Cu, Ni, Pb and Zn in the SPM in the water column 
for all sampling events at the both sampling sites are summarized in Figure 4.7. The 
vertical distribution for all metals studied was similar at both sampling stations. Cd, Cr, 
Cu, Ni, Pb and Zn in the SPM were significantly enriched in the SML, depleted in the 
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subsurface layer and progressively enriched in the underlying water column. The lowest 
concentrations of all metals in the SPM were found in subsurface water at both stations, 
while the highest concentrations were generally observed in the bottom water at Station 1 
and in the SML water at Station 2. EFs of heavy metals associated with the SPM in the 
SML, relative to the subsurface water, were notably higher than EFs of dissolved metals 
and ranged from 1 to 5. Also, heavy metals in the SPM in the bottom water at both 
stations were enriched by factors of 1 to 18 compared to the overlying water.  
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g)      h)  
 















        
 
































Figure 4.7: Particulate metal profiles in the water column from two coastal regions of 
Singapore (Station 1 – Kranji and Station 2 – Pulau Tekong) 
 
As mentioned above, the formation of metals and organic ligand complexes, as 
well as the presence of solid particles enriched in the SML are likely to account for the 
accumulation of dissolved metals in this layer, while the accumulation of particulate 
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floatation from the water column. Overall, the profiles for the heavy metals in the DP and 
SPM measured in this study show a decreasing trend of metal concentrations from the 
subsurface water to the bottom water. This phenomenon suggests that the vertical 
distribution of these metals is controlled by biogeochemical cycling processes. Most 
marine organisms, especially phytoplankton, are confined to the surface layers and these 
organisms uptake nutrients, dissolved carbon and metals such as As, Cd, Cr, Cu, Ni and 
Zn resulting in the depletion of metals in the surface water. Dead organisms and fecal 
pellets sink into the deeper water and are mineralized thereby returning metals to the 
water column. As a result, metals are depleted in the surface water and enriched with 
depth.   
4.4 Conclusions 
In order to investigate the levels and the vertical distribution of heavy metals in 
the near shore water column of Singapore’s coastal environment, sea-surface microlayer, 
subsurface, mid-depth and bottom water, and sediment samples were collected from two 
locations with contrasting hydrodynamic characteristics. This represents the first such 
study of its kind in Singapore and contributes to the database for Asia. Overall, the levels 
of metals in the dissolved phase of seawater in Singapore are comparable to values 
reported in the literature for the coastal waters of England, France, Australia and Korea, 
but still lower than levels reported for Greece, Malaysia and the USA. Similarly, elevated 
concentrations of metals in the SPM have been reported for the Northern Adriatic Sea 
and the Rhine/Meuse estuary in the Netherlands compared to the reported values in this 
study. For sediments, although the metals are present at higher levels in Singapore 
relative to reported vales for coastal marine sediments for Greece, Australia and Egypt, 
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Singapore’s marine sediments are relatively uncontaminated compared to values reported 
for many other countries including Thailand, Japan, Korea, Spain and China.  The 
vertical profiles of heavy metals in the water column show a depletion in the subsurface 
water and a progressive enrichment with depth, most likely due to biogeochemical 
cycling processes associated with gravitational settlement and decomposition of dead 
organic matter. The profiles also show a slight enrichment of dissolved metals in the 
SML and a notable enrichment of particulate metals in this layer, meaning that SPM 
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CHAPTER 5 
METAL SPECIATION IN COASTAL MARINE 
EXTRACTION PROCEDURE 
SEDIMENTS FROM SINGAPORE USING  
A MODIFIED BCR-SEQUENTIAL  
 
5.1 Introduction 
er et al., 
ining specific chemical forms 
of heavy metals in a range of environmental media, including sediments (Martin et al., 
Anthropogenic heavy metal pollution is a serious and widespread environmental 
problem due to the persistent and non-biodegradable properties of these contaminants 
(Florence, 1982; Tokalioğlu et al., 2002; Yuan et al., 2004). Sediments are the main 
repository and source of heavy metals in the marine environment and play an important 
role in the transport and storage of potentially hazardous metals. Most studies to date 
have focused on the measurement of total metal content in sediments. However, this 
approach can be misleading when assessing environmental effects due to the potential for 
an overestimation of exposure risk.  
Heavy metal speciation in environmental media using sequential extraction 
techniques offers a more realistic estimate of actual environmental impact. The principle 
of this procedure is based on the selective extraction of heavy metals in different 
physicochemical fractions of a material using specific solvents (Bruder-Hubsch
2002). These procedures have been widely used for determ
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1998; Stephens et al., 2001; Steve et al., 2001; Tüzen, 2003; Guevara-Riba et al., 2004; 
Yuan et al., 2004), soils (Davidson et al., 1998; Mossop and Davidson, 2003; Fernández 
et al., 2004) and waste materials (Alonso et al., 2002; Bruder-Hubscher et al., 2002). 
Among a range of available techniques using various extraction reagents and 
experimental conditions, the five-step (Tessier et al., 1979) and the six-step (Kersten and 
Förstner, 1986) sequential extraction procedures are the most widely used. These 
procedures have been modified by several researchers (Rauret et al., 1989; Borovec et al., 
1993; Campanella et al., 1995; Zdenek, 1996; Gomez Ariza et al., 2000) in order to 
optimize sequential extraction of metals in relation with the characteristics of the 
sediments or to distinguish the two metal fractions (bound to the organic matter and 
bound to the sulfides) in the oxidizable fraction. 
ous sequential extraction procedures used for 
uential extraction method was proposed (Ure et 
ureau of Reference in 1992 (now the Standards 
bsequently, this procedure has been improved 
(Rauret et al., 1999; Sahuquillo et al., 1999).  
ediment certified reference material (BCR-701) 
centrations of Cd, Cr, Cu, Ni, Pb and Zn 
ation in marine sediments have been limited to 
uevara-Riba et al., 2004; Yuan et al., 2004). Data 
In order to harmonize the vari
sediment analysis, a BCR three-step seq
al., 1993) by the European Community B
Measurement and Testing Programme). Su
as a result of further collaborative studies 
The method has been validated using a s
with certified and indicative extractable con
(Rauret et al., 2001).  
To date, studies on metal speci
Spain and China (Morillo et al., 2004; G
on metal speciation in Singapore’s marine sediments are lacking, where only limited 
reports on total metal content in sediments are available (Goh and Chou, 1997; Wood et 
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al., 1997; Nayar et al., 2004). In this study, marine sediments collected from two coastal 
regions of Singapore were analyzed using a modified BCR three-step sequential 
extraction procedure (Rauret et al., 1999). A fourth step i.e. digestion of the residue from 
the third step, was included using a microwave-assisted acid digestion procedure. The 
aims of this study were: (i) to determine the metal pollution levels in marine sediments in 
the coastal region of Singapore; (ii) to determine and compare the chemical speciation of 
heavy metals to evaluate relative mobility and bioavailability; and (iii) to evaluate the 
data on metal levels, mobility and bioavailability in the context of similar data reported 
from other countries. 
.2 Materials and methods 
5.2.1 Study area   
Sediment samples were collected from two coastal regions of Singapore (Kranji 
nd Pulau Tekong) between June and July in 2004 (see Figure 4.2). The detailed 
escription of these locations is given in the previous chapter (see Section 4.2.1 and 
ection 4.3.2). Briefly, Kranji is situated in the West Johor Strait, near the land-linked 
auseway between Singapore and Malaysia. The causeway was built across the Johor 
traits in 1924 to facilitate the flow of people and commercial goods between Singapore 
nd Malaysia. As a result, water flows in the coastal regions near the causeway approach 
ero and fine-grained sediments are deposited. The water currents are not strong enough 
 disperse pollutants away to the open ends of the Johor Straits (Wood et al., 1997). 
eanwhile, Pulau Tekong, the largest of Singapore’s outlying islands, is situated at the 
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the sou
 ppt) 
as a result of rainfall runoff and restricted hydrodynamic exchange of coastal waters at 
Kranji (Wood et al., 1997). The total metal content and speciation of Cd, Cr, Cu, Ni, Pb 
and Zn were measured in the sediment samples in the current study. 
5.2.2. Sample collection and preparation 
Triplicate sediment samples were collected from the surface layer (10 – 15 cm) of 
the sea bottom from Kranji and Pulau Tekong. The sediments were collected using a grab 
sample
ried 
sample was calculated by heating a portion of sediment in an oven at 105 ± 20C to 
constant weight. Sediment data in this study are reported on a dry weight basis.  
 
 
th of Malaysia, where the water currents are strong and seawater is well-mixed. 
The maximum depths of the two sampling sites are 6.8 m at Kranji and 11 m at Pulau 
Tekong. Water salinity at Kranji (6.5 ppt) tends to be lower than at Pulau Tekong (22
r and sub-sampled with a plastic spoon. Samples were stored in polypropylene 
centrifuge tubes and kept in the freezer at -20oC prior to processing and analysis. In the 
laboratory, samples were defrosted and air-dried at 30 ± 20C and then ground with a 
pestle and mortar and sieved (<63µm). The <63µm fraction was used for analyses in this 
study due to strong association of metals with fine-grained sediments (Horowitz and 
Elrick, 1987; Moore et al., 1989; Goh and Chou, 1997; Tam and Wong, 2000; Che et al., 
2003). Many previous studies have been completed on the sequential extraction of metals 
from sediments using this size fraction (Usero et al. 1998, Martin et al., 1998; Morillo et 
al., 2004; Guevara-Riba et al., 2004; Yuan et al., 2004). The moisture content of the d
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5.2.3 Apparatus 
er AAnalyst 600 
graphite furnace atomic 
used for 
the 
ial extracts (Figure 3.3). he 
ument parameters for metal 
ysis were as recommend
ture (Table 3.1). 
extractions were conducted using a
Balmar mechanical shaker (Mod
GFL 3005, USA) at 30 ± 10 rpm for 
sixteen hours (Figure 5.1). A water 
 (Techne TE-8D, Can
 for the extraction of the 
izable fraction of 
les (Figure 5.2). A ce
(Kubota 5100, Japan) was used to 
obtain the supernatant extracts at 3,000 
rpm for twenty minutes (Figure 5.3). A 
m  
used for the total digesti amples (Figure 3.2). All lab-ware was made of 
polypropylene (PP), high density polyethylene (HDPE) or polytetrafluoroethylene 
A Perkin-Elm
absorption 
spectrometer (GFAAS) was 
determination of heavy metals in 
sequent T
instr








icrowave unit (CEM MARSX, USA)
was on of the s
Figure 5.1: The Balmar mechanical shaker
Figure hne TE-8D W Bath 
Figure 5.3: The Kubota 5100 centrifuge 
5.2: The Tec ater 
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(PTFE) which had been prepa e by pre-washing in laboratory-grade detergent, 
ng with de-ionized wate ing in 2% nitric acid (overnight), followed by 
h rinsing with de-ionized w ter.    
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Figure 5.4: Diagram of the modified BCR sequential extraction procedure 
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The chemical speciation of heavy metals in sediment samples was determined 
using the modified BCR sequential extraction procedure. The details of the procedure are 
given in Chapter 3 (Section 3.3.3.4). Figure 5.4 shows a diagram of this technique.  
In addition to the chemical speciation, the samples were directly digested using 
the microwave-assisted acid digestion procedure (see Section 3.3.3.3) in order to quantify 
the total metal contents. 
5.3 Results and discussion  
The extractable contents and recoveries in each 
extraction step of the standard reference material used are presented in Table 5.1 
Recoveries were good, averaging 86 ± 14% for Step 1, 100 ± 12% for Step 2, 108 ± 15% 
for Ste
 
5.3.1 Quality assurance 
In order to verify the accuracy of the sequential extraction method, a standard 
sediment reference material (BCR-701, the European Community Bureau of Reference) 
was analyzed using four replicates. 
p 3, and 125 ± 12% for Step 4. The recoveries of all metals, except for Cd (73%) 
and Cu (66%) from Step 1 were greater than 89%, ranging from 89 to 115%. The 
recoveries for metals from Steps 2 and 3 were between 84% and 124%. For Step 3, the 
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BCR-701 – Lake sediment (   
 1
n = 4)
Step   
Cd 5.36 ± 0.38 7.34 ± 0.35 73 
Cr 2.01 ± 0.08 2.26 ± 0.16 89 
3 ± 1.8 49  
Ni  ± 0.6 1  
Pb 3.36 ± 0.74  3.18 ± 0.21 106 
7 ± 9 
Step 2
 
Cu 32.6 .3 ± 1.7 66 
14.0 5.4 ± 0.9 91 
Zn 18 205 ± 6 91 
   
4.35 ± 0.09 3.77 ± 0.28 115 
Cr 
Cu 118 ± 5 124 ± 3 95 
Ni 24.3 ± 2.1 26.6 ± 1.3 91 
107 ± 5 126 ± 3 85 
Cd 
49.0 ± 4.8 45.7 ± 2.0 107 
Pb 
Zn 123 ± 4 114 ± 5 108 
Step 3    
Cd 0.31 ± 0.08 0.27 ± 0.06 115 
Cr 120 ± 7 143 ± 7 84 
Cu 68.5 ± 1.6 55.2 ± 4.0 124 
Ni 16.1 ± 0.6 15.3 ± 0.9 105 
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Pb 9.3 ± 4.2 9.3 ± 2.0 100 
Zn 54.6 ± 4.0 45.7 ± 4.0 119 
Step 4    
Cd 0.18 ± 0.02 0.13 ± 0.08 * 138 
Cr 86.7 ± 3.2  62.5 ± 7.4 * 139 
Cu 43.1 ± 7.8 38.5 ± 11.2 * 112 
Ni 48.7 ± 4.2 41.4 ± 4.0 * 118 
Total digestion  
Pb 14.3 ± 1.0 11.0 ± 5.2 * 130 
Zn 108 ± 5 95 ± 13 * 114 
   
BCR-701 – Lake sediment (n = 4) 
Cd 14.5 ± 0.2 11.7 ± 1.0 *  124 
Cr 255 ± 3 272 ± 20 * 94 
Cu 241 ± 21 275 ± 13 * 88 
Ni 82 ± 3 103 ± 4 * 80 
Pb 125 ± 1 143 ± 6 * 87 
Zn 472 ± 7 454 ± 19 * 104 
PACS-2 – Marine sediment (n = 4) 
Cd 2.25 ± 0.14 2.11 ± 0.15 107 
Cr 89.0 ± 6.9 90.7 ± 4.6 98 
Cu 261 ± 11 310 ± 12 84 
Ni 31.6 ± 2.0 39.5 ± 2.3 80 
Pb 202 ± 1 183 ± 8 110 
Zn 337 ± 4 364 ± 23 93 
 
The data were presented in µg/g dry weight (dw). 
 
* Indicative values 
Mean and standard deviation of four replicates for each SRM are shown. 
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The accuracy of the microwave-assisted acid digestion procedure for total metal 
determinations was checked using the BCR-701 standard reference material and a marine 
sediment standard reference material (PACS-2, National Research Council, Canada). 
Analysis of these reference materials in four replicates showed satisfactory accuracy, 
with the recoveries for all metals in BCR-701 between 80% and 124%, and in PACS-2 
between 80% and 110% (Table 5.1). 
An internal check on the results of the microwave extraction procedure, the 
sequential extraction procedure and the GFAAS analytical method was performed by 
comparing the sum of the four steps (acid-soluble + reducible + oxidizable + residual) 
from the sequential extraction procedure with the total metal content from the 
microwave-assisted acid digestion procedure. The recovery of the sequential extraction 
procedure was calculated as follows:  
100
digestionTotal
Recovery ×FractionResidual3Fraction2Fraction1Fraction +++=  
With respect to the standard sediment reference material BCR-701, the results 
cate that the sums of the four fractions are in agreement with the 
total m
shown in Table 5.2 indi
etal contents with satisfactory recoveries (70 – 126%). As shown in Appendix B.2, 
results indicate that the sums of the four fractions are in good agreement with the total 
metal content. Indeed, in the sediment samples from Kranji, the satisfactory recoveries 
for all metals ranged from 84 to 125%, while good recoveries for all metals, between 
90% and 104%, obtained for the samples from Pulau Tekong.     
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acid digestion on the standard lake sediment reference material BCR-701 (n = 4)  
SUM OF THE 
Cd 10.2 14.5 ± 0.2 70 
Cr 
Cu 262 241 ± 21 109 
Ni 103 
258 255 ± 3 101 
82 ± 3 126 
Pb 
Zn 
134 125 ± 1 107 
473 472 ± 7 100 
 
5.3.2 Total metal content  
Total contents of Cd, Cr, Cu, Ni, Pb and Zn in the marine sediments are presented 
in Appendix B.1. There were apparent differences in the total metal contents between the 
two sampling sites, where the concentrations of all metals, except for Pb, in the marine 
sediments from Kranji were between 1 and 3 orders of magnitude greater than those from 
Pulau Tekong. The anthropogenic discharges from the city of Johor located along the 
Straits on the Malaysian side of the causeway and atmospheric deposition of exhaust 
particulates from the large volumes of vehicular traffic across the causeway may explain 
the elevated levels of heavy metals in sediments from Kranji relative to those at Pulau 
Tekong. Moreover, the weak water flows in the regions near the causeway which result in 
 78 
 Metal Speciation in Coastal Marine Sediments from Singapore  
using a  Modified BCR-Sequential Extraction Procedure 
the acc
ith previous studies on marine sediments in Spain and China (Morillo et al., 
2004; Guevara-Riba et al., 2004; Yuan et al., 2004). However, the elevated levels of Zn 
found in the marine environment of Singapore relative to other metals may result from 
the release of anti-fouling paints from boats (Goh and Chou, 1997). 
l values from Pulau Tekong sediment analysis 
umulation of pollutants, especially heavy metals, in sediments may account for the 
higher levels present in sediments from Kranji. Metal concentrations decreased in the 
order Zn > Cr > Pb > Ni > Cu > Cd at both Kranji and Pulau Tekong. These results were 
similar to levels found in sediments from Sungei Buloh mangrove (near Kranji), 
Singapore as reported in my previous study (Cuong et al., 2004). Of the heavy metals 
measured in the marine sediments, Zn was present at the highest concentration (62.1 and 
49.8 µg/g dry weight for Kranji and Pulau Tekong respectively) while Cd was the lowest 
(0.2 and 0.1 µg/g for Kranji and Pulau Tekong respectively) from both sampling sites. 
Similar results were also found in Singapore’s marine sediments collected from twenty 
five locations along the Straits of Johore in July, 1993 (Wood et al., 1997), and is also in 
agreement w
As shown in Appendix B.1, the total metal data from this study can be compared 
to data for marine sediments from other local investigations conducted earlier (Nayar et 
al., 2004; Wood et al., 1997). Cd and Cu were lower while Ni and Pb were greater in 
sediments from both sampling sites when compared to recent sediment results obtained 
from Ponggol, Singapore (Nayar et al., 2004). Concentrations of Cd, Cr and Ni in 
sediments from Kranji are similar to sediment results obtained from the Straits of Johor, 
Singapore in July, 1993 (Wood et al., 1997). Meanwhile, other metals (Cu, Pb, Zn) 
analyzed in the sediment from Kranji are around two times lower than in the sediments 
from the Straits of Johor. Similarly, meta
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for this study are lower than those measured in the sediments from the Straits of Johor 
(Wood et al., 1997), reflecting a decreasing trend in the burden of heavy metals over the 
last decade in Singapore’s marine sediments. 
Total metal contents in the marine sediments of Singapore are presented in the 
ontext of available data from other countries in Appendix B.1.  The total contents of all 
metals, except for Cd, in sediments are within the same range of values recorded at eight 
locations in the East China Sea, China (Yuan et al., 2004). Nickel concentrations from 
Kranji and Pulau Tekong are similar to results for the Harbor of Barcelona, Spain 
(Guevara-Riba et al., 2004) and the southeast coast of Spain (Morillo et al., 2004), 
respectively. Compared with marine sediment data from Spain, concentrations of Cd, Cr, 
Cu, Pb and Zn are between 1 and 17 times lower for Singapore than those measured at 
fifteen locations in the southeast of Spain, and between 1 and 23 times lower than those 
reported from six locations in Barcelona Harbor, Spain (see Appendix B.1). Overall, total 
metal contents in Singapore’s marine sediments can be regarded as relatively low when 
compared to reported levels for marine sediments in China and Spain. 
5.3.3 Metal speciation 
he extractable contents of Cd, Cr, Cu, Ni, Pb and Zn, and the extracted 
percentages of these metals with respect to the sums of four fractions in the marine 
sediments from each extraction step are shown in Appendix B.2. All metals except for Cd 
were present at higher percentages in the acid-soluble fractions (the most labile fraction) 
in Kranji relative to those in Pulau Tekong, reflecting that Cr, Cu, Ni, Pb and Zn were 
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(acid-so
nd Cr, and a reverse 
order for Cu and Zn (Cu > Zn).   
Of the elements studied, Cd was present at the highest relative level in the acid-
soluble faction (34 and 39% for samples from Kranji and Pulau Tekong, respectively). 
These results are consistent with the findings from Barcelona, Spain (Guevara-Riba et al., 
2004). However, Cd was hardly detected in the reducible fraction, inferring that Cd 
bound to Fe and Mn oxides in the area study was very low. Unlike cadmium, for the 
heavy metals analyzed, Cr was the least mobile in sediments from both sampling sites 
with the highest percentage in the residual fraction (79 and 83% for Kranji and Pulau 
Tekong). Again, these results are in agreement with the findings from Barcelona, Spain 
(Guevara-Riba et al., 2004). Other studies carried out in Spain and in China (Martin et al., 
1998; Usero et al., 1998; Morillo et al., 2004; Yuan et al., 2004) also show that Cr was 
found mainly in the residual fraction in all samples. These results indicate that Cr has the 
strongest association to the crystalline structures of sediments. In this study, similar 
results for the speciation of Cr were observed for both sampling sites (see Figure 5.5 and 
Figure 5.6).   
luble + reducible + oxidizable) of all metals in sediments were greater in Kranji 
(82% for Cd; 21% for Cr; 68% for Cu; 45% for Ni; 44% for Pb and 81% for Zn) than in 
Pulau Tekong (51% for Cd; 17% for Cr; 48% for Cu; 23% for Ni; 38% for Pb and 39% 
for Zn). Therefore, these results indicate that heavy metals in sediments from Kranji are 
potentially more available for exchange and/or release into the marine environment 
relative to those from Pulau Tekong. In sediments from Kranji, the mobility of heavy 
metals studied decreased in the order Cd > Ni > Zn > Cu > Pb > Cr.  Meanwhile, 
sediments from Pulau Tekong had the same order for Cd, Ni, Pb a
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Copper was mainly bound to organic matter and sulfides, particularly in 
sediments from Kranji, where the highest percentage was found in the oxidizable 
fraction. The high stability constant of organic Cu compounds results in stable complex 
formation between Cu and organic matter (Morillo et al., 2004). It has been shown in 
other studies that under oxidizing conditions, the solubility of copper is increased as 
copper is a chalcophilic element that is mainly bound to sulfides in nature (Weisz et al., 
2000; Tüzen, 2003). This explains the results obtained for Cu in this study. These results 
agree with the results of several other studies (Zhou et al., 1998; Ramos, 1999; 
Tokalioğlu et al., 2000; Bruder-Hubscher et al., 2002; Tüzen, 2003; Morillo et al., 2004), 
which found that a large proportion of Cu in sediments is associated with the organic 
fraction.     
The highest percentages of Ni and Pb were found in the residual fractions in both 
Kranji (55 and 56%, respectively) and Pulau Tekong (77 and 62%, respectively), 
dicating that these metals were strongly bound to sediments. Similar results for Ni have 
een reported for marine sediments from the southeast coast of Spain (Morillo et al., 
2004), whilst Yuan et al. (2004) reported that Pb was dominant in the residual fraction of 
arine sediments from the East China Sea. With regard to Pb, both sampling sites have a 
milar distribution pattern (see Figure 5.5 and Figure 5.6). Indeed, most of the Pb is 
present in the residual fraction, followed by the reducible fraction (bound to Fe and Mn 
oxides), at values of 40 and 33% for sediments from Kranji and Pulau Tekong, 
spectively. This is in agreement with results reported in other studies (Dawson and 
Macklin, 1998; Morillo et al., 2004) which showed that Fe and Mn hydrous oxides are 
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With respect to Zn, for sediments in Kranji, 81% of the total content was in the 
non-residual fractions while most of Zn was found in the residual fraction (61%) in 
sediments from Pulau Tekong, indicating that under changing environmental conditions 
Zn in sediments from Kranji is potentially more available compared to Pulau Tekong. 
The highest value for Zn was observed in the oxidizable fraction (bound to organic matter 
and sulfides) in sediments from Kranji. This may result from the input of organic matter 
from the anthropogenic discharges from the city of Johor situated on the Malaysian side 
of the causeway as well nearby prawn and fish aquaculture farms.    
The modified BCR sequential extraction procedure has been applied to marine 
sediments from two coastal regions in Singapore in order to evaluate the potential 
the possible transfer of heavy metals from sediments to the surrounding 
environment. Moreover, in order to identify the storage of heavy metals in marine 




 in Singapore. This study indicates that marine sediments in Kranji on the north 
east coast of Singapore are more contaminated with heavy metals than those in Pulau 
Tekong on the northwest coast, most likely due to anthropogenic discharges and 
catchment runoff from the city of Johor into the Johor Straits. Overall, the total metal 
contents in marine sediments in Singapore are lower than those reported in Spain and 
China. However, since sediments can act as a reservoir for heavy metals in the marine 
system, their potential risks to the environment must be considered.    
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Based on the analytical data obtained from the modified BCR sequential 
extraction procedure, it can be concluded that all metals measured, except for Cd, are 
more mobile and more bio-available in Kranji than in Pulau Tekong. With a change in 
prevailing environmental conditions (e.g. pH, redox potential, etc.) heavy metals transfer 
from sediments into the water column media can be expected to occur more readily in 
sediments from Kranji than in Pulau Tekong. Among the elements analyzed, Cd had the 
highest mobility while Cr was the least labile. Overall, the distribution pattern of Cr and 
Pb are similar in both sampling sites while Cd, Cu, Ni, and Zn have contrasting 














Heavy Metal Contamination in Mangrove Habitats of Singapore 
CHAPTER 6 
HEAVY METAL CONTAMINATION  
IN MANGROVE HABITATS OF SINGAPORE 
 
Mangroves represent a critical ecological habitat to a diverse range of marine 
fauna and serve as a wintering site for a wide variety of migratory birds, but are highly 
endangered in Southeast Asia due to direct exploitation and disturbance. In Singapore, 
mangroves comprised around 13% of the total land area in 1820, but coverage is now less 




mangrove sediments has been reported for a number of countries including Australia, 
Hong Kong and Brazil (Harbison, 1986; Tam and Wong, 1995a, 1995b, 1996; Lacerda et 
circa 1819 (Ng and Sivasothi, 1999) 
 
 
       Mangrove                                                           Mangrove 
      
Mangroves are at risk from environmental pollutants, especially heavy metals that 
are associated with a diverse range of anthropogenic activities including shipping, 
dredging, and urban wastewater discharges. The accumulation of heavy m
Figure 6.1: Vegetation Map of Singapore, Figure 6.2: Vegetation Map of Singapore, 
1990’s (Ng and Sivasothi, 1999) 
SINGAPORE SINGAPORE 
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al., 199
The objectives of this study were: (i) to determine the levels of heavy metals in 
representative mangrove habitats of Singapore; (ii) to compare levels between two 
mangrove habitats that are on opposite sides of a land-linked causeway between 
Singapore and Malaysia; and (iii) to evaluate contamination in the context of similar data 
reported from other countries. The data from this study is of use with respect to the 
understanding of the fate and impact of pollutants in mangrove systems, as well as the 
conservation of remaining mangrove habitats in Singapore.  
ed within a one-week period in April 2004 at two mangrove 
ei Khatib Bongsu (see Figure 6.3). These 
sites are located on opposite sides of a land-linked causeway between Singapore and 
Malaysia in the Straits of Johore. The causeway represents a physical barrier to marine 
hydrodynamics around Singapore’s northern coast, where there is no exchange of 
seawater across the causeway. The S. Buloh mangrove has been used in the past as a site 
for prawn aquaculture before being declared a protected nature reserve in 1989.   
S. Khatib Bongsu is not a protected site. Mangrove samples included the sea surface 
1; Machado et al., 2002a, 2002b). Although there have investigations on the levels 
of heavy metals in the coastal marine sediments of Singapore (Goh and Chou, 1997; 
Wood et al., 1997; Nayar et al., 2004), heavy metal data for local mangrove habitats are 
lacking.   
6.2 Methods 
6.2.1 Study area 
Samples were collect
sites in Singapore i.e. Sungei Buloh and Sung
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micro-layer (SML) and subsurface water, sediments and biota. Levels of As, Cd, Cr, Cu, 
Ni, Pb and Zn were measured in all samples (except for As in sediments and Cr in biota).  
 
S. Buloh









Figure 6.3: Location of Sungei Buloh and 
Sungei Khatib Bongsu mangroves in Singapore 
SINGAPORE 
Figure 6.4: Low tide, Sungei Buloh Figure 6.5: High tide, Sungei Buloh 
ove, Singapore mangrove, Singapore mangr
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6.2.2 Sample collection and preparation 
eawater (depth 40 cm, 2 litres) and SML samples (2 litres each) 
were collected at the S. Buloh and S. Khatib Bongsu mangroves, respectively. SML 
samples were collected using the glass plate method (Harvey and Burzell, 1972; Carlson, 
1982 and Zhang et al., 2003). The detailed description of this method is given in Section 
2.2.2. Briefly, a glass plate (30×30×0.5cm) was dipped vertically through the water 
surface and withdrawn at a speed of about 5 to 6cm/s. The attached water on both sides of 
the glass plate was wiped off into a sample bottle using a rubber blade, and then 
thoroughly rinsed with the water being collected. The thickness of the SML collected was 
determined by division of the volume collected with each plate dip by the surface area of 
the plate. In this study, the sampling thickness of the SML was around 40 – 60µm. The 
 a recent report (Wurl and Obbard, 2004).  
ere c c  m r 
locations at the S. Khatib Bongsu mangrove habitat, simultaneously with the collection of 
00g of sediments were collected between 2 and 7cm below 
surface, in triplicate, at each location. The sam ored in pla  and 
 frozen at -20oC prior to  analys tory, sam  air-
d at 30 ± 20C, then gro tle and re conte ried 
ple was calculated by  s oven at 
stant weight. All sedimen ted on sis.  
Two subsurface s
definition and environmental relevance of the sea surface micro-layer has been presented 
in
Sediments w ollected from nine lo ations at the S. Buloh angrove and fou
indigenous biota. Batches of 2
the ples were st stic bags
kept  processing and is. In the labora ples were
drie und with a pes mortar. Moistu nt of the d
sam heating a portion of ediment in an 105 ± 20C to 
con t data are repor a dry weight ba
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Heavy metal levels auna, 
yzed. Molluscs, including bivalves and 
 of environmental contaminants (Peerzada 
et al., 1990). Mollusc species collected included the nerite snail (Nerita lineata), the drill 
shell (Thai gradata), the rodong shell (Telescopium telescopium) and the lokan clam 
(Polymesoda expansa). The crab species collected was the thunder crab (Myomenippe 
hardwicki).The number of individuals collected was different for each location and varied 
between 7 to 40 individuals for molluscs, and 5 to 7 individuals for thunder crabs. Further 
details on the precise number of individuals collected, their size, weight and moisture 
content is available in Bayen et al. (2005a). After field collection, samples were 
transported in polyethylene bags packed in ice for processing. In the laboratory, whole 
soft tissues were extracted from the shell for analysis, and were then pooled for each 
species to form a single batch sample for each mangrove. Batch samples were analyzed 
in triplicate. 
in mangrove f including four mollusc and one crab 
species, common to both sites, were anal
gastropods are commonly used as bioindicators
6.2.3 Heavy metal analysis 
.2.3.1 SML and subsurface seawater samples 
awater samples were filtered through 
a 0.45µm cellulose nitrate membrane filter under vacuum. The filtered samples were then 
0C. Samples were directly 
analyzed by inductively coupled plasma – mass spectroscopy (ICP – MS) using an ELAN 
6100 in
6
In the laboratory, the SML and subsurface se
acidified by addition of nitric acid to a pH <2 and stored at 4
strument. The precision and accuracy of the analytical procedure for dissolved 
metal determinations was validated using a seawater reference material (CASS-4, 
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obtained from the National Research Council, Ottawa, Ontario, Canada) using five 
replicates. 
Total metal content of sediment samples was determined using a microwave-
assisted acid digestion procedure (Section 3.3.3.3). Three replicates of dried sediment 
were analyzed by digestion with a mixture (3:1) of concentrated nitric acid and 
hydrofluoric acid. Each microwave extraction vessel contained 9ml of nitric acid and 3ml 
of hydrofluoric acid together with 0.5g of ground sediment. The vessels were capped and 
heated in a microwave unit (CEM MARSX, Matthews, NC, USA) at 600W to a 
temperature of 180 ± 5
6.2.3.2 Sediment samples  
kin-Elmer 
AAnalyst 600 with Zeeman background correction. A marine sediment reference material 
(PACS-2, National Research Council, Canada) was used to verify the precision and 
accuracy of the extraction and analytical procedure using five replicates.   
0C for 9.5 minutes with a ramp of 10 minutes. Following 
extraction, digests were centrifuged at 3,000 rpm for 10 minutes and the supernatant was 
analyzed by graphite furnace atomic absorption (GFAAS) using a Per
6.2.3.3 Biota samples 
The procedure for heavy metal analysis in biota samples has been presented in a 
previous study (Bayen et al., 2005b). Briefly, tissue samples were digested with 
concentrated nitric acid using a microwave-assisted extraction procedure and metals were 
then quantified using ICP-MS. Quality assurance of the procedure was validated via the 
analysis of a standard reference material SRM 2976-mussel tissue (NIST, Gaithersburg, 
MD, USA) and procedural blank analysis using five replicates.  
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6.3 Results 
6.3.1 Quality assurance 
Heavy metal concentrations and recoveries of the standard reference materials 
used a
cept Pb (19%). 
es for standard reference materials (seawater, 





re presented in Table 6.1. Recoveries were good, averaging 114 ± 16% for 
seawater, 94 ± 9% for sediments, and 93 ± 18% for mussel tissue. The recoveries of all 
metals from the seawater standard reference material CASS-4 were greater than 91% 
with a relative standard deviation of less than 25%, except for Cd (40%). The recoveries 
for metals in the sediment standard reference material PACS-2 were between 86% and 
111%. The relative standard deviation for mussel tissue standard reference material 
SRM-2976 was below 10% for all elements, ex





ANALYZED SRM CERTIFIED SRM RECOVERY 
(%) 
CASS-4 – Seawater (n = 5) 1  
As 1.01 ± 0.16 1.11 ± 0.16 91 ± 14 
Cd 0.035 ± 0.011 0.026 ± 0.003 133 ± 40 
Cr 0.197 ± 0.032 0.144 ± 0.029 136 ± 23 
7 0.592 ± 0.055 105 ± 11 
Ni 
Cu 0.623 ± 0.06
0.343 ± 0.018 0.314 ± 0.030 109 ± 6 
Pb 0.0109 ± 0.0023 0.0098 ± 0.0036 111 ± 23 
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Zn 0.418 ± 0.074 0.381 ± 0.057 110 ± 19 
PACS-2 – Marine sediment (n = 5) 2
Cd 
Cr 84.7 ± 13.9 90.7 ± 4.6 93 ± 15 
Cu 
1.87 ± 0.29 2.11 ± 0.15 89 ± 14 
344 ± 48 310 ± 12 111 ± 15 
Ni 38.3 ± 0.6 39.5 ± 2.3 97 ± 1 
Pb 158 ± 6 183 ± 8 87 ± 3 
Zn 313 ± 5 364 ± 23 86 ± 1 
SRM-2976 – Mussel (n = 5) 3
As 12.4 ± 1.2 13.3 ± 1.8 90 ± 8 
Cd 0.65 ± 0.04 0.82 ± 0.05 80 ± 5 
Cu 3.86 ± 0.16 4.02 ± 0.33 96 ± 4 
Ni 1.12 ± 0.04 0.93 ± 0.12 121 ± 5 
Pb 1.21 ± 0.22 1.19 ± 0.18 101 ± 19 
Zn 97 ± 6 137 ± 12 70 ± 5 
 
Mean and standard deviation of five replicates for each SRM are shown.  
. 
3 The data were presented in µg/g wet weight (ww). 
1 The data were presented in µg/L
2 The data were presented in µg/g dry weight (dw). 
 
 
6.3.2 Heavy metals in subsurface and SML seawater samples 
Concentrations of As, Cd, Cr, Cu, Ni, Pb and Zn in the subsurface water samples 
collected from the two mangrove sites are presented in Appendix C.1. For comparative 
 93 
Heavy Metal Contamination in Mangrove Habitats of Singapore 
purposes, heavy metal concentrations in subsurface seawater samples collected in March, 
2004, as part of a separate study, in two nearby coastal regions (Seletar and Kranji) of 
Singapore, are also included in Appendix C.1. As for S. Buloh and S. Khatib Bongsu, 
Kranij and Seletar are also situated on opposite sides of the land-link causeway between 
Singapore and Malaysia in the Straits of Johore, with S. Buloh and Kranji to the west and 
S. Khatib Bongsu and Seletar to the east. Kranji represents a clean site, while Seletar is 
regarded as a contaminated site in Singapore’s coastal region. High concentrations of As, 
Cu and Zn were found in both mangrove habitats (1.46 µg/L, 1.11 µg/L and 1.63 µg/L, 
respectively) and coastal waters (1.08 µg/L, 0.65 µg/L and 4.46 µg/L, respectively). The 
level of Pb was also elevated in Seletar (1.07 µg/L), but was low in the other sites (0.05 
to 0.19 µg/L for S. Buloh, 0.10 to 0.20 µg/L for S. Khatib Bongsu and 0.01 to 0.03 µg/L 
for Kranji). The remaining metals were present at lower levels ranging from 0.067 to 
0.208 µg/L for Cr, 0.015 to 0.254 µg/L for Cd and 0.234 to 0.508 µg/L for Ni.  
ions of seven metals (As, Cd, Cr, Cu, Ni, Pb 
and Zn) in the SML at both mangrove habitats, as well as the two coastal sites. The 
relative level of contamination between the SML and subsurface seawater was 
determined by calculation of the enrichment factor (EF) between the two water column 
layers. EF values are also presented in Appendix C.2. EFs for all metals, with the 
exception of Pb in Kranji, were less than 2 and ranged from 0.99 to 1.34 for As, 0.17 to 
1.55 for Cd, 1.01 to 1.31 for Cr, 1.02 to 1.72 for Cu, 1.04 to 1.33 for Ni, 0.28 to 4.5 for 
Pb and 0.88 to 1.20 for Zn. Levels of As, Cu and Zn in the SML were elevated in both the 
mangrove and coastal sites relative to levels of other metals. Lead levels in the Seletar 
Appendix C.2 shows the concentrat
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subsurface samples were highest at 1.07 µg/L compared to levels of 0.03 µg/L, 0.05 µg/L, 
0.20 µg/L in Kranji, S. Buloh and S. Khatib Bongsu, respectively.  
Levels of Cd, Cr, Cu, Ni, Pb and Zn in mangrove sediments are presented in 
Appendix C.3. Relative differences in the levels of the metals between the two mangrove 
sites are apparent (see Appendix C.3), where metal concentrations were between 1 and 5 
times higher in mangrove sediments from S. Khatib Bongsu than S. Buloh. Heavy metal 
concentration ranges in the mangrove sediments were: 0.18 to 0.27 µg/g for Cd; 16.61 to 
32.07 µg/g for Cr; 7.06 to 32.00 µg/g for Cu; 7.44 to 11.65 µg/g for Ni; 12.28 to 30.98 
µg/g for Pb; and 51.24 to 120.23 µg/g for Zn.  
Levels of metals differ in mangrove subsurface waters between the two mangrove 
abitats. In general, levels in S. Buloh mangrove are lower than those in S. Khatib 
6.3.3 Heavy metals in mangrove sediments  
6.3.4 Heavy metals in mangrove fauna 
All heavy metals analysed were detected in the tissues of all molluscs and thunder 
crabs collected (see Appendix C.4).  Levels ranged from: 2.7 to 12 µg/g for As; 0.02 to 
0.47 µg/g for Cd; 3.1 to 140 µg/g for Cu; 0.28 to 1.4 µg/g for Pb; 31 to 680 µg/g for Zn; 
and 1.7 to 10 µg/g ww for Ni. The highest concentrations were recorded in the mollusc 
species, particularly in T. telescopium and T. gradata.  
6.4 Discussion 
6.4.1 Heavy metals in subsurface water 
h
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Bongsu (see Appendix C.1). Four elements (As, Cr, Cu and Ni) were present at higher 
concentrations in S. Khatib Bongsu mangrove than in S. Buloh, while Zn concentration 
was similar. Concentrations of Cd and Pb in the subsurface from S. Buloh were 2 to 3 
fold higher than those from S. Khatib Bongsu. 
in S. Khatib Bongsu were similar to those 
measured for Seletar (1.08 and 1.08 µg/L for As; 0.21 and 0.21 µg/L for Cr, 0.66 and 
0.64 µg/L for Cu; and 0.45 and 0.51 µg/L for Ni). Levels of metals in the mangrove 
subsurf
6.4.2 Heavy metals in the SML 
There is no previous data available on heavy metal levels in seawater from 
Singapore’s mangrove habitats. As mentioned in previous sections, S. Buloh and Kranji 
are located in the West Strait of Johore, whereas S. Khatib Bongsu and Seletar are 
situated in the East Strait of Johore. The results obtained from this study indicate that the 
levels of most metals including As, Cr, Cu and Ni in the subsurface water of S. Buloh 
(0.47, 0.09, 0.28 and 0.27 µg/L, respectively) are slightly higher than those in Kranji 
(0.31, 0.07, 0.17 and 0.23 µg/L, respectively). As shown in Appendix C.1, the 
concentrations of the same four metals 
ace waters are therefore in a similar range to those recorded in corresponding 
coastal waters.  
Similar to data for subsurface samples, concentrations of heavy metals in the 
SML are more elevated in S. Khatib Bongsu than in S. Buloh. However, in contrast to 
subsurface water, where only four (As, Cr, Cu and Ni) out of seven metals measured are 
present at higher levels in the mangrove at S. Khatib Bongsu than at S. Buloh, all metals 
analyzed in the SML from S. Khatib Bongsu are between 1 and 4 times higher than in the 
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SML of S. Buloh. Overall, S. Khatib Bongsu mangrove has higher concentrations of 
heavy metals in both the subsurface and the SML samples than S. Buloh mangrove.  
Heavy metal levels in the SML for both mangrove sites are more contaminated 
than coastal SML samples. Except for Zn, all metals measured in the SML from S. Boluh 
were 1
As noted in Appendix C.2, the EFs for coastal locations for all metals, except for 
Cu, Pb at Kranji, approximated to 1, ranging from 0.96 to 1.20. Similarly, the EFs for all 
metals in Kranji mangrove ranged from 0.17 to 1.26. Therefore no substantial enrichment 
of metals is evident in the coastal SML compared to subsurface water. In contrast, EFs 
for all metals in S. Khatib Bongsu mangrove were between 1.18 to 1.93 times higher than 
in subsurface water, reflecting an enrichment of heavy metals in the SML within 
mangrove habitats.  
 to 2 fold higher than respective levels measured in the coastal SML from Kranji. 
By the same token, most metals, except for Pb, Cd and Zn, in the SML from S. Khatib 
Bongsu were also 1 to 2 fold higher than those found in the coastal SML from Seletar. In 
general, the mangrove and the coastal sites are similar in terms of heavy metals 
concentrations in the subsurface, but levels in the mangrove SML are elevated relative to 
levels in the respective coastal SML. This may result from the higher level of organic 
matter normally present in mangrove relative to coastal waters. Indeed, it is known that 
organic matter can be enriched in the SML due to surface tension, where heavy metals 
and organic matter can form ternary surface complexes “metal – organic ligand – solid 
particle” (Zhang et al., 1996, 1997, 2003).  
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6.4.3 Heavy metals in sediments  
The concentrations of all metals (Cd, Cr, Cu, Pb, Ni and Zn) in the mangrove 
 Khatib Bongsu were between 1 and 5 orders of magnitude greater than 
those at S. Buloh. Metals concentrations decreased in the order Zn > Cr > Pb > Ni > Cu > 
Cd at S. Buloh, while S. Khatib Bongsu had the same order for Zn, Cr, Cd and a different 
order for the remaining metals (Cu > Pb > Ni). Of the heavy metals measured in 
mangrove sediments, Zn was present at the highest concentration whilst Cd was the 
lowest from both sampling sites. This finding is in agreement with the previous study 
from Mai Po Marsh mangrove habitat in Hong Kong (Ong Che, 1999; see Appendix 
C.3). No comparable data are available from Singapore’s mangrove sediments. However, 
the levels of Cd, Cu, Pb and Zn in the mangrove sediments were substantially lower than 
in marine sediments collected from ten coastal locations around Singapore from 
December, 1990 to July, 1992 (Goh and Chou, 1997; see Appendix C.3). The levels of 
Cr, Pb, Ni and Zn in the more contaminated S. Khatib Bongsu mangrove sediments were 
slightly lower than in marine sediment collected from twenty five locations along the 
Straits of Johore in July, 1993 (Wood et al., 1997; see Appendix C.3). Meanwhile, the 
sults from S. Buloh mangrove sediment analysis, especially for Cd, Pb and Ni are more 
parable to recent sediment results obtained from Ponggol, Singapore (Nayar et al., 
2004; see Appendix C.3). This suggests an overall decline in the burden of heavy metals 
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6.4.4 Heavy metals in biota 
hose 
ported in green mussels, Perna viridis, from Singapore (Bayen et al., 2004). Copper is 
present at relatively high concentrations in rodong shell, drill shell and thunder crabs (up 
re elevated in nerite snails and rodong shells (up to 
680 µg
tals in the mangrove sediments of Singapore are presented in 
the con
, and the Ni level is in the range reported for Mexico 
(Soto-Jimenez and Páez-Osuna, 2001). Compared with mangrove sediment data from 
other countries, concentrations of Pb and Cd are relatively lower for Singapore than those 
Levels of As, Cd, Pb and Ni in mangrove organisms are comparable to t
re
to 140 µg/g ww). Levels of zinc we
/g ww). There is no clear difference in prevailing concentrations of As, Cd, Pb and 
Ni between the two mangrove sites. However, levels of Cu and Zn are notably higher in 
S. Khatib Bongsu than in S. Buloh (star values; see Appendix C.4). This is consistent 
with the results for seawater and sediment samples. In a previous study (Bayen et al., 
2004) using P. viridis as a bioindicator, the East Strait of Johore was found to be more 
contaminated with heavy metals than the West Strait. The metal levels recorded in 
mangrove biota reflect this phenomenon.  
6.4.5 Comparison with international data 
Levels of heavy me
text of available data from other countries in Appendix C.3.  The level of Cr in 
sediments is within the range of values recorded elsewhere (Kehrig et al, 2003; Tam and 
Wong, 2000; Soto-Jimenez and Páez-Osuna, 2001; Mackey et al, 1992), where the range 
of Cu concentrations is similar to that found in Hong Kong (Ong Che, 1999) and 
Australia (Mackey et al, 1992). Zinc concentrations are also similar to results for 
Australia (Mackey et al, 1992)
 99 
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measur
heavy m
reporte ralia and Mexico, but lower compared to the levels 
reported for mangroves in Brazil and Hong Kong.    
respect  et al., 1990; see Appendix C.4). Levels 
of Cd and Pb in T. telescopium in Singapore’s mangrove biota are one order of magnitude 
lower than measured in this species from Darwin Harbour (Australia) in 1990; whereas 
levels of Cu, Ni and Zn are higher in Singapore. To my knowledge, this is the first report 
of heavy metal concentrations in N. lineata, T. gradata, P. expansa and M. hardwicki. 
Several studies have reported values for organisms from the same family for Nerita spp. 
and Thai spp. (see Appendix C.4). Again, Cd in these species was low in Singapore 







mangrove tree species, including Avicenia marina (MacFarlane and Burchett, 2002). 
odong, lokan clams and the thunder crabs are commonly consumed by humans in 
outh-East Asia. Concentrations of heavy metals in organisms analysed in this study 
xceed the food safety standards of Singapore (Government of Singapore, 1990). 
ed in Hong Kong, Brazil, Mexico and Australia (see Appendix C.3).  Overall, 
etal levels in Singapore’s mangrove sediments are slightly elevated compared to 
d levels for mangroves in Aust
For biota, comparative data from a single study in Australia are available with 
 metal levels in T. telescopium (Peerzada
er range or higher. Elevated levels of Cu and Zn in shellfish and Cu in crustaceans are 
d as these elements play an important role in the metabolic processes of these 
ms (Greenfield et al., 2003; Páez-Osuna et al., 2002). However, mangrove 
ination with Cu and Zn in Singapore’s mangroves should be further monitored in 
pecies to avoid potential ecotoxicological risks to the ecosystem. For example, 
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Therefore, consumption of organisms from mangroves of Singapore should be considered 
carefully. 
6.5 Co
In order to evaluate the levels of heavy metals in the mangrove habitats of 
Singapore, subsurface and SML waters, sediments and biota from two mangrove sites 
located in the West Strait of Johore (S. Buloh) and the East Strait of Johore (S. Khatib 
Bongsu) were collected and analysed. This represents the first such study of its kind in 





long te  Singapore’s remaining mangrove habitat and to protect their 
biodiversity, caution is necessary, where prevailing levels of heavy metals in the 







ngsu mangrove in the East Johore Strait is more contaminated with heavy metals than 
Buloh mangrove in the West Johore Strait. Overall, it can also be concluded that 
ves habitats in Singapore are moderately contaminated when compared to similar 
 in Brazil, Hong Kong, Mexico and Australia. However, in order to evaluate the 
rm ecological risk to
 101 





In conclusion, this work has fulfilled its objectives and provides basic data on the 
leve
water 
speciat sediments. Also, the comparison between the data obtained from 
 serve 
as a base for further work on the understanding of heavy metals in the South-east Asian 
region. In summary, the m








ONCLUSIONS AND RECOMMENDATIONS 
mary of main conclusions 
ls of heavy metals in the marine environment of Singapore including the seawater 
columns, marine sediments and the mangrove habitat as well as the metal 
ion in the marine 
this work with similar data reported from other countries is given. This research can
ain conclusions obtained from this research are as follows:  
7.1.1 Heavy metals in the seawater column and sediments in the coastal environment 
of Singapore (Chapter 4) 
In this study, the concentrations of heavy metals were determined in the seawater 
column (i
l as in sediments from Singapore’s coastal environment. This is the first such data 
d for the seawater column in Singapore that provides vertical profile data of heavy 
in both the dissolved and particulate phases.  The main conclusions from the study 
summarized as follows: 
The formation of complexes between metals and organic ligands, as well as solid 
particles enriched in the SML, is likely to account for the accumu
  102 
 Conclusions and Recommendations 
dissolved metals in this layer, while the accumulation of particulate metals is most 
likely due to the deposition of particles from the atmosphere and bubble floatation 
upward in the water column.  
 
subsurface water while the highest concentrations were mostly 
observed in the SML and bottom water.  
 
 show the slight enrichment of dissolved metals 
in the SML and a notable enrichment of particulate metals in this layer, meaning 
that SPM plays an important role in the accumulation of metals in the SML.  
 f metals in the 
DP are considered to be low in Singapore. Higher concentrations of particulate 





The lowest concentrations of metals in the DP and SPM were most frequently 
found in the 
Overall, the vertical profiles of heavy metals obtained show a depletion in the 
subsurface water and then a progressive enrichment with depth, most likely due to 
a process where dead biota and faecal matter sink, decompose and return metals to 
the water column. The profiles also
In comparison to data from Greece, Malaysia and USA, the levels o
the Netherlands compared to values reported in this study. The ma
in Singapore are not heavily contaminated when compared to metal levels in 
marine sediments from other countries such as Thailand, Japan, Korea, Spain and 
China. 
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7.1
BCR-se
In this study, the chemical speciation of heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) 
in marine sediments from two coastal regions of Singapore (Kranji in the northwest, and 
Pulau Tekong in the northeast) was determined using the latest version of the three-step 
sequential extraction procedure, as described by the European Community Bureau of 
Reference (1999). This is a pioneering study for Singapore. The main conclusions from 
the study can be summarized as follows: 
 
 
catchment runoff from the city of Johor into the Johor Straits. However, the total 
metal contents in marine sediments in Singapore are lower than those reported in 
Spain and China.   
 Among the elements analyzed, Cd had the highest mobility while Cr was the least 
labile. In sediments from Kranji, the mobility order of heavy metals studied was 
Cd > Ni > Zn > Cu > Pb > Cr, where sediments from Pulau Tekong showed the 
same order for Cd, Ni, Pb and Cr, but had a reverse order for Cu and Zn (Cu > 
Zn).   
 The highest percentages of Cr, Ni and Pb were found in the residual fractions in 
both Kranji and Pulau Tekong, meaning that these metals were strongly bound to 
the sediments. Results are consistent with findings from Barcelona, Spain where 
similar results for Cr and Ni have also been reported for marine sediments.  
.2 Metal speciation in coastal marine sediments from Singapore using a modified 
quential extraction procedure (Chapter 5)  
The total content of all metals except for Pb in sediments was greater in Kranji 
than in Pulau Tekong. This is most likely due to anthropogenic discharges and
  104 
 Conclusions and Recommendations 
 All metals, except Cd we ailable in Kranji, where metals 
were present at higher percentages in the acid-soluble fractions (the most labile 
fraction), suggesting that under a ch ge in prevailing environmental conditions 
ents from 
 Overall, the distribution pattern of Cr and Pb are similar in both sampling sites 
study, the concentrations of heavy metals in the sea-surface micro-layer 
gei Khatib Bongsu). This represents the first such data reported for mangrove 
atter 
etal – organic ligand – solid particle. 
re more mobile and bio-av
an
(e.g. pH, redox potential, etc.) the release of heavy metals from sediments into the 
water column media can be expected to occur more readily in sedim
Kranji than in Pulau Tekong. 
while Cd, Cu, Ni, and Zn have contrasting distributions in the marine sediments 
from both sites.  
7.1.3 Heavy metal contamination in mangrove habitats of Singapore (Chapter 6) 
In this 
(SML) and subsurface water, sediments and biota were measured in two mangrove 
habitats in Singapore located in the West Johore Strait (Sungei Buloh) and the East Johore 
Strait (Sun
ecosystems in Singapore. The main conclusions from the study can be summarized as 
follows: 
 Metal levels in mangrove SML were more elevated than in coastal SML samples, 
while the metal levels in the mangrove subsurface water were in the range of 
those recorded in coastal waters, resulting from the higher level of organic m
normally present in mangrove relative to coastal waters. This is because organic 
matter can be enriched in the SML, where heavy metals and organic matter can 
form ternary surface complexes “m
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 Conclusions and Recommendations 
 Elevated concentrations of Zn and Cu were found in biota, including the molluscs 
Telescopium telescopium, Thai gradate and Myomenippe hardwicki.  
 For most samples, Zn was present at elevated levels while Cd was low. Results 
s in the West Johore 
 petrochemical and shipping 
activities, in the east of Singapore. 
abitats in 
Singapore are less contaminated than those found in Deep Bay, Hong Kong and in 
.2 Recommendations 
ns and marine sediments of 2 locations 
, Republic of 
Singapore Yacht Club and Seletar should be carried out at the same time in order 
etals in 
the marine environment of Singapore.   
are consistent with reported values from the Mai Po Marsh mangrove habitat in 
Hong Kong.  
 Comparison of heavy metal concentrations in seawater, sediments and biota from 
the two sampling sites indicate that prevailing metal level
Strait are lower than those measured in the East Johore Strait. This is most likely 
due to the predominance of industry, particularly
 In general, with respect to heavy metal contamination, mangrove h
Brazil, but more contaminated than those in Australia and Mexico.  
7
Some specific recommendations for future work are proposed here: 
 In this work, only the seawater colum
(Kranji and Pualu Tekong) of Singapore were studied. Further study at other 
locations around Singapore such as Second Link, St John’s Island
to provide an overall view of the distribution and the storage of heavy m
  106 
 Conclusions and Recommendations 
 This research has focused on the speciation of heavy metals in marine sediments. 
However, not only sediments but also suspended particulate matter are the main 
 of suspended particulate materials and 
 bulk seawater. These differences 
in chemical speciation, in turn, may have a strong influence on the potential 
n or toxicity in the marine environment. Thus, 
the metal speciation of the SPM in the marine environment should be considered. 
order to establish historical time trends in heavy metal 
contamination in the local marine environment.  
mined. However, in order to 
and to protect their biodiversity, the levels of heavy metals in the remaining 
mangrove habitats should be monitored regularly.      
 
repository and source of heavy metals in the marine environment and play an 
important role in the transport and storage of potentially hazardous metals. 
Moreover, due to the high enrichment
dissolved organic compounds at the SML, metal speciation of the SPM in the 
SML may be markedly different from that in the
transport of metals from the SML to the water column and could alter the 
possibilities for metal incorporatio
 Investigation on the vertical distribution of heavy metals in the sediment cores is 
recommended in 
 The prevailing levels of heavy metals in the two mangrove habitats of Singapore 
(Sungei Buloh and Sungei Khatib Bongsu) were deter
evaluate the long term ecological risk to Singapore’s remaining mangrove habitats 
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 Appendix A  
APPENDIX A 





A.1 DOC (mg/L), TOC (mg/g) and SPM (mg/L) in water column 
 
 
 STATION 1 – KRANJI   STATION 2 - PULAU TEKONG  
HEAVY METALS IN THE SEAWATER COLUMN AND SEDIMENTS  
IN TH  COASTAL ENV RONME T OF SI GAPORE 
 











SML 25.19 ± 2.79 x 12.04 ± 2.02 18.61 ± 7.85 2.14 ± 0.61 6.60 7.66 ± 0.01 5.24 ± 2.87 
SUB-
SURFACE 10.93 ± 0.87 x 5.11 ± 0.91 8.02 ± 3.44 2.71 ± 0.18 7.50 5.55 ± 2.72 4.81 ± 2.48 
MID-
DEPTH 2.16 ± 0.08 x 3.65 ± 2.47 2.91 ± 1.67 1.36 ± 0.33 7.60 3.80 ± 1.48 3.58 ± 2.67 
C 
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SML 19 7. 16 1.41 ± 6.53 41 ± 1.51 .05 ± 1.48 4.29 ± 6.33 3.22 ± 0.36 2.73 ± 1.03 4.60 ± 0.85 3.52 ± 1.07 
SUB- 21 15. 19 1




18 33. 54 3 7  
SURFACE .63 ± 4.68 85 ± 6.31 .65 ± 3.18 9.04 ± 4.61 3.12 ± 0.94 3.67 ± 0.99 3.80 ± 0.71 3.53 ± 0.76 
DEPTH 78 ± 0.13 75 ± 0.50 86 ± 0.08 1.46 ± 0.52 2.89 ± 0.91 4.21 ± 0.74 3.60 ± 0.28 3.57 ± 0.80 
BOTTOM 62 ± 0.40 79 ± 0.31 99 ± 1.12 1.80 ± 0.57 5.32 ± 1.65 3.94 ± 1.11 1.90 ± 0.14 3.72 ± 1.78 
SML .50 ± 0.99 30 ± 1.27 .95 ± 25.10 5.58 ± 19.88 1.30 ± 0.99 90.65 ± 8.13 100.20 ± 28.57 87.38 ± 18.71 
SUB- 15 19. 29 2 6
MID- 27 27. 48 3 5 11
SPM 
(mg/L) 
31 42.9 13 6 3
SURFACE .85 ± 5.16 20 ± 3.96 .15 ± 11.67 1.40 ± 8.60 7.50 ± 4.67 44.00 ± 6.22 47.50 ± 0.99 53.00 ± 11.87 
DEPTH .60 ± 4.95 80 ± 1.98 .75 ± 26.80 4.72 ± 16.36 9.00 ± 2.97 3.20 ± 25.74 50.35 ± 1.06 74.18 ± 32.60 
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A.2 Concentrations of dissolved metals (µg/L) in the water column 
 
ELEMENT STATION 1 - KRANJI (µg/L)  L)  STATION 2 - PULAU TEKONG (µg/
 





















SML 0.033 .020 023 46    1 0.601 ± 0.629 ± 0 0.335 ± 0. 0.522 ± 0.1 1.185 ±0.008 0.897 ± 0.044 0.934 ± 0.004 1.005 ± 0.14
SUB-SURFACE 0.004 .018 004 06    7 
TH 0.005 .012 030 01    5 
OM 0.026 .023 032 08    4 
ML .00 011 08 7    
0.530 ± 0.628 ± 0 0.393 ± 0. 0.517 ± 0.1 1.169 ± 0.043 0.817 ± 0.022 0.896 ± 0.007 0.961 ± 0.16
MID-DEP 0.617 ± 0.720 ± 0 0.841 ± 0. 0.726 ± 0.1 1.708 ± 0.002 1.047 ± 0.007 0.931 ± 0.041 1.229 ± 0.37
As 
BOTT 0.638 ± 0.734 ± 0 0.874 ± 0. 0.748 ± 0.1 2.035 ± 0.003 1.047 ± 0.021 0.928 ± 0.043 1.337 ± 0.54
S 0.017 ± 0 5 0.051 ± 0. 0.025 ± 0.0 0.031 ± 0.01 0.026 ± 0.004 0.037 ± 0.003 0.040 ± 0.012 0.034 ± 0.009
SUB-SURFAC .00 023 005 5    
TH .00 005 04 3    
OM .00 039 02 8    
E 0.015 ± 0 2 0.080 ± 0. 0.013 ± 0. 0.036 ± 0.03 0.014 ± 0.002 0.025 ± 0.009 0.021 ± 0.001 0.020 ± 0.007
MID-DEP 0.023 ± 0 0 0.066 ± 0. 0.021 ± 0.0 0.036 ± 0.02 0.026 ± 0.002 0.044 ± 0.032 0.023 ± 0.009 0.031 ± 0.018
Cd 
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SML .00 001 07 3   0.109 ± 0 3 0.120 ± 0. 0.072 ± 0.0 0.101 ± 0.02 0.219 ± 0.002 0.172 ± 0.007 0.177 ± 0.007 0.189 ± 0.024
SUB-SURFAC .00 001 00 8    
TH .00 004 05 9    
OM .00 002 00 6  
ML .009 .008 56 1    
E 0.098 ± 0 1 0.113 ± 0. 0.072 ± 0.0 0.094 ± 0.01 0.217 ± 0.002 0.161 ± 0.002 0.168 ± 0.002 0.182 ± 0.027
MID-DEP 0.114 ± 0 1 0.135 ± 0. 0.155 ± 0.0 0.134 ± 0.01 0.302 ± 0.003 0.200 ± 0.004 0.173 ± 0.001 0.225 ± 0.061
Cr 
BOTT 0.124 ± 0 4 0.136 ± 0. 0.159 ± 0.0 0.140 ± 0.01 0.350 ± 0.005 0.196 ± 0.003 0.174 ± 0.004 0.240 ± 0.086 
S 0.348 ± 0 0.363 ± 0 0.270 ± 0.0 0.327 ± 0.05 0.723 ± 0.001 0.583 ± 0.010 0.614 ± 0.025 0.640 ± 0.067
SUB-SURFAC .001 .006 15 2    
TH .02 005 11 1    
 
OM .01 006 83 7   
ML 0.000 .011 025 14    2 
E 0.306 ± 0 0.390 ± 0 0.228 ± 0.0 0.308 ± 0.07 0.715 ± 0.031 0.519 ± 0.027 0.532 ± 0.012 0.589 ± 0.100
MID-DEP 0.342 ± 0 5 0.409 ± 0. 0.561 ± 0.0 0.437 ± 0.10 0.974 ± 0.006 0.980 ± 0.485  0.558 ± 0.004 0.838 ± 0.306
Cu
BOTT 0.376 ± 0 6 0.433 ± 0. 0.704 ± 0.1 0.504 ± 0.17 1.163 ± .044 0.613 ± 0.017 0.586 ± 0.065 0.787 ± 0.294
S 0.330 ± 0.314 ± 0 0.321 ± 0. 0.322 ± 0.0 0.483 ± 0.018 0.413 ± 0.015 0.498 ± 0.009 0.465 ± 0.04Ni 
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MID-DEPTH 0.028 0.005 027 15 9  1 2 
OM 0.008 0.009 109 05 5  5 3 
SML .00 003 99    
0.284 ± 0.319 ± 0.521 ± 0. 0.375 ± 0.1 0.645 ± 0.00 0.563 ± 0.169 0.461 ± 0.00 0.556 ± 0.11
BOTT 0.307 ± 0.322 ± 0.701 ± 0. 0.443 ± 0.2 0.784 ± 0.05 0.436 ± 0.047 0.494 ± 0.07 0.571 ± 0.17
0.031 ± 0 3 0.021 ± 0.  0.121 ± 0.0 0.058 ± 0.066 0.040 ± 0.006 0.048 ± 0.001 0.059 ± 0.001 0.049 ± 0.009 
SUB-SURFAC .00 000 10    5 
TH .00 000 08     
OM .00 010 008     
SML 1.786 ± 0.082 2.035 ± 0.081 1.925 ± 1.159 1.915 ± 0.533 3.312 ± 0.788 2.389 ± 0.333 1.727 ± 0.098 2.476 ± 0.810 
E 0.019 ± 0 0 0.011 ± 0.  0.054 ± 0.0 0.028 ± 0.021 0.026 ± 0.003 0.034 ± 0.003 0.055 ± 0.015 0.038 ± 0.01
MID-DEP  0.018 ± 0 0 0.009 ± 0.  0.059 ± 0.0 0.028 ± 0.024 0.039 ± 0.000 0.052 ± 0.031 0.044 ± 0.010 0.045 ± 0.016
Pb 
BOTT 0.015 ± 0 0 0.018 ± 0. 0.062 ± 0. 0.031 ± 0.024 0.022 ± 0.002 0.037 ± 0.007 0.053 ± 0.017 0.037 ± 0.016
SUB-SURFACE 0.974 ± 0.047 2.507 ± 0.100 1.246 ± 0.431 1.576 ± 0.758 2.120 ± 1.486 2.462 ± 0.297 1.769 ± 0.681 2.117 ± 0.805 
MID-DEPTH 2.638 ± 0.820 1.762 ± 0.084 1.575 ± 0.254 1.992 ± 0.637 1.278 ± 0.043 2.609 ± 0.286 1.190 ± 0.001 1.693 ± 0.723 
Zn 
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A.3 Concentrations of particulate metals (µg/g) in the water column 
   
 
ELEMENT STATION 1 - KRANJI (µg/g) STATION 2 - PULAU TEKONG (µg/g) 
 















Round  3 
(21/07/2004) ean 
SML 0   00.272 ± 0.01 0.293 ± 0.015 0.380 ± 0.008 0.315 ± 0.057 0.432 ± 0.000 0.394 ± 0.002 0.357 ± 0.008 .394 ± 0.037 
S RFACE 5   0
PTH 8   0
 
M 0   0
L 46     2
UB-SU 0.402 ± 0.01 0.338 ± 0.002 0.358 ± 0.007 0.366 ± 0.033 0.344 ± 0.015 0.287 ± 0.004 0.160 ± 0.014 .263 ± 0.094 
MID-DE 0.394 ± 0.01 0.327 ± 0.002 0.541 ± 0.016 0.421 ± 0.110 0.317 ± 0.005 0.171 ± 0.007 0.180 ± 0.000 .223 ± 0.082 
Cd
BOTTO 0.399 ± 0.01 0.729 ± 0.022 0.335 ± 0.003 0.488 ± 0.212 0.691 ± 0.009 0.200 ± 0.015 0.275 ± 0.038 .389 ± 0.264 
SM 53.929 ± 0.8 15.962 ± 0.094 12.202 ± 0.049 27.364 ± 23.082 35.119 ± 0.094 27.547 ± 0.165 17.444 ± 0.723 6.703 ± 8.867 
S RFACE 47   2
PTH 49    1
 
M 63     3
UB-SU 21.612 ± 0.1 17.933 ± 0.038 6.718 ± 0.040 15.421 ± 7.758 25.792 ± 0.096 24.464 ± 0.320 13.768 ± 0.104 1.341 ± 6.592 
MID-DE 26.917 ± 0.0 21.111 ± 0.126 12.208 ± 0.065 20.079 ± 7.409 23.511 ± 0.388 17.080 ± 0.160 17.500 ± 0.462 9.364 ± 3.598 
Cr
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SML 97    1 4748.961 ± 4.9 99.471 ± 7.026 66.160 ± 0.496 71.530 ± 25.680 57.143 ± 11.17 33.703 ± 0.437 50.963 ± 0.345 .270 ± 12.148 
S RFACE 38     19
PTH 59     26
 
M 66 8   0 62
L 19     1
UB-SU 26.279 ± 0.6 52.556 ± 2.034 21.538 ± 1.829 33.458 ± 16.708 13.798 ± 0.203 31.750 ± 0.347 12.867 ± 1.344 .472 ± 10.644 
MID-DE 31.296 ± 3.6 58.214 ± 2.979 60.737 ± 0.954 50.082 ± 16.318 44.217 ± 3.352 14.759 ± 0.829 21.781 ± 0.435 .919 ± 15.387 
Cu
BOTTO 41.995 ± 9.0 116.633 ± 1.21 65.375 ± 1.186 74.668 ± 38.177 118.286 ± 2.59 51.826 ± 0.811 16.264 ± 0.175 .125 ±  51.785 
SM 24.620 ± 0.6 4.344 ± 0.107 17.830 ± 0.728 15.598 ± 10.321 10.038 ± 0.524 18.625 ± 0.948 13.294 ± 0.224 3.986 ± 4.335 
S RFACE 81    1
PTH 27     1
 
M 92     1
L 9   4
UB-SU 21.223 ± 0.5 7.158 ± 0.719 14.500 ± 0.522 14.294 ± 7.035 9.308 ± 1.159 13.968 ± 0.357 8.259 ± 0.281 0.512 ± 3.039 
MID-DE 54.840 ± 0.6 10.411 ± 0.407 18.332 ± 0.228 27.861 ± 23.698 17.657 ± 0.257 11.795 ± 0.973 13.903 ± 1.357 4.451 ± 2.969 
Ni
BOTTO 60.709 ± 0.4 13.240 ± 0.588 11.723 ± 1.037 28.557 ± 27.855 14.895 ± 0.128 25.174 ± 0.735 9.743 ± 0.201 6.604 ± 7.856 
SM 4.153 ± 0.11 6.041 ± 0.237 2.815 ± 0.081 4.336 ± 1.621 5.376 ± 0.009 3.948 ± 0.131 4.502 ± 0.059 .609 ± 0.720 Pb 
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MID-DEPTH 5   34.561 ± 0.29 3.764 ± 0.669 4.271 ± 0.198 4.199 ± 0.403 5.507 ± 0.785 2.553 ± 0.069 3.600 ± 0.078 .886 ± 1.498 
BOTTOM 2   5
L 83   2  10
4.829 ± 0.24 3.937 ± 0.395 4.240 ± 0.432 4.335 ± 0.454 5.905 ± 0.893 6.076 ± 0.368 4.069 ± 0.595 .350 ± 1.113 
SM 196.331 ± 9.3 304.706 ± 3.924 108.936 ± 1.771 203.324 ± 98.07 89.857 ± 0.179 143.172 ± 3.038 88.556 ± 0.817 7.195 ± 31.164 
SUB-SURFACE 54 2 3 7  5
PTH 51 3 3 78  56
 
M 60 0 5   89
135.363 ± 6.2 269.139 ± 3.52 126.500 ± 19.33 177.001 ± 79.91 56.250 ± 1.288 59.518 ± 1.414 57.273 ± 2.092 7.680 ± 1.672 
MID-DE 370.485 ± 21.4 115.821 ± 14.34 149.763 ± 11.60 212.023 ± 138.2 43.087 ± 0.365 51.875 ± 1.629 74.906 ± 5.367 .623 ± 16.432 
Zn
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A.4 Concentration of particulate metals (µg/L) in the water column 
ELEMENT KRANJI (µg/L)  PULAU TEKONG (µg/L)  
 










(21/07/2004) Mean  
SML 0.005 ± 0.000 0.010 ± 0.000 0.021 ± 0.010 0.012 ± 0.008 0.031 ± 0.000 0.036 ± 0.003 0.036 ± 0.010 0.034 ± 0.005 
SUB-
SURFACE 0.006 ± 0.002 0.006 ± 0.001 0.010 ± 0.004 0.008 ± 0.003 0.023 ± 0.002 0.013 ± 0.002 0.008 ± 0.000 0.014 ± 0.007 
MID-
DEPTH 002 001 014 0 001 004 00 
Cd 
BOTTOM 001 020 002 017 005 001 02 
SML 053 .020 306 25 .035 224  
0.011 ± 0. 0.009 ± 0. 0.026 ± 0. 0.015 ± 0. 11 0.019 ± 0. 0.019 ± 0. 0.009 ± 0.0 0.016 ± 0.006 
0.012 ± 0. 0.031 ± 0. 0.045 ± 0. 0.030 ± 0. 0.027 ± 0. 0.009 ± 0. 0.014 ± 0.0 0.017 ± 0.008 
0.998 ± 0.  0.532 ± 0 0.671 ± 0. 0.733 ± 0. 5 2.504 ± 0  2.497 ± 0. 1.748 ± 0.498 2.250 ± 0.459  
SUB-
SURFACE 112 .071 078 10 .120 152  
MID-
DEPTH 133 .042 327 17 .07 40  
Cr 
BOTTOM 1.232 ± 0.076 0.887 ± 0.577 2.883 ± 0.098 1.668 ± 0.990 1.224 ± 0.238  1.782 ± 0.274 1.497 ± 0.190 1.501 ± 0.310 
0.343 ± 0.  0.344 ± 0 0.196 ± 0. 0.294 ± 0. 3 1.741 ± 0  1.076 ± 0. 0.654 ± 0.014 1.157 ± 0.498 
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SML 0.906 ± 0.048 3.312 ± 0.127 3.635 ± 1.661 2.618 ± 1.528 4.074 ± 0.057 3.055 ± 0.274 5.106 ± 1.456 4.079 ± 1.132 
SUB-
SURFACE 0.417 ± 0.136 1.009 ± 0.2 0.628 ± 0. 0.68 12 0.93 64 1.39 198 0.61 013 
DEPTH 0.864 ± 0.155 1.61 961 ± 1. 28 1. 06 
Cu 
8 ± 0.080 5.00 734 ± 0. 96 5. 4.595 ± 0.895 8 ± 1.743 
SML 0.455 ± 0.024 0.14 980 ± 0. 48 0.
08 251 4 ± 0.3 1 ± 0.0 7 ± 0. 1 ± 0. 0.980 ± 0.365 
MID- 8 ± 0.115 2. 6 814 ± 1.200 2.609 ± 0.131 1.671 ± 0.380 1.097 ± 0.023 1.792 ± 0.7
BOTTOM 1.30 9 ± 3.258 8. 2 017 ± 3.629 2.454 ± 0.377 0.834 ± 0.106 2.62
5 ± 0.006 0. 4 527 ± 0.390 0.716 ± 0.010 1.688 ± 0.151 1.332 ± 0.380 1.245 ± 0.435 
SUB- 0.33SURFACE 6 ± 0.110 0.13 423 ± 0. 69 0. 0.628 ± 0.043 0.61 087 
1.514 ± 0.271 0.28 894 ± 0. 91 0. 1.042 ± 0.052 88 
Ni 
1 ± 0.116 0.56 566 ± 0. 53 1. 0.579 ± 0.113 0.50 063 23 
7 ± 0.004 0.201 ± 0.0 0.155 ± 0. 71 0.144 ± 0.059 383 ± 0.005 0.35 032 0.45 129 
7 ± 0.028 0. 1 299 ± 0.145 5 ± 0. 0.392 ± 0.008 0.545 ± 0.115 
MID-
DEPTH 9 ± 0.021 0. 4 899 ± 0.550 1.335 ± 0.304 0.700 ± 0.015 1.026 ± 0.2
BOTTOM 1.89 9 ± 0.370 1. 0 342 ± 0.585 1.192 ± 0.183 0 ± 0. 0.757 ± 0.3
SML 0.07 08 0 0. 8 ± 0. 1 ± 0. 0.397 ± 0.067 Pb 
SUB-
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MID-
DEPTH 0.126 ± 0.023 0.105 ± 0.00 0.208 ± 0. 14 0.146 ± 065 0.325 ± 0.016 0.28 066 0.18 004  
 0.009 0.169 .566 ± 0. 19 0. 0 0.28 044 0.242 ± 0.044 
2 ± 0.194 10.147 .986 ± 2. 35 6. 6 12.979  1.164  9.420 ± 2.940 
7 1 0. 9 ± 0. 1 ± 0. 0.265 ± 0.067
BOTTOM 0.150 ±  ± 0.110 0 0 295 ± 0.197 .229 ± 0.045 8 ± 0. 0.209 ± 0.026 




2.146 ± 0.699 5.167 .687 ± 1. 76 3. 3  
25 ±  1.834 3.220 301 ± 4. 14 6. 2 5.87 335 3.77 079  
 0.388 15.376 ± 9.99  11.857 ± 0 402 11.188 ± 5.529 2.681 ± 0.522 5.93 912 3.870 ± 0.491 
 ± 1.066 3 4 667 ± 1.468 .797 ± 0.263 2.619 ± 0.370 2.720 ± 0.057 3.045 ± 0.565
MID-
DEPTH 10.2  ± 0.229 7. 0 915 ± 3.392 .542 ± 0.128 2 ± 1. 2 ± 0. 4.062 ± 1.480
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of heavy g/g ed
STATION 1 - KRANJI (µg/g)   - PULAU TEKONG (µg/g) 
A.5 Concentrations 
 
 metals (µ ) in marine s iments 
ELEMENT STATION 2  





















Cd 0.153 ± 0.012 0 7 ± 0.008 0.19 06 0. 0.062 ± 0.011 0.200 ± 0. 12 0.21 0 ± 0.030 0.065 ± 0.005 0. 6 ± 0.015 054 ± 0.008 
Cr 50.520 ± 4.145 44.360 ± 1.667 46.933 ± 3.129 47.271 ± 3.823 43.740 ± 3.040 40.580 ± 0.260 37.480 ± 1.480  ± 3.197 
Cu 14.647 ± 1.000 16.153 ± 2.510 21.007 ± 0.571 17.269 ± 3.215 8.121 ± 0.845 6.301 ± 1.260 8.700 ± 0.371 7.708 ± 1.336 
Ni 26.020 ± 1.883 25.760 ± 3.905 26.593 ± 4.543 26.124 ± 3.161 20.003 ± 1.609 13.271 ± 1.609 17.956 ± 0.446 17.076 ± 3.206 
Pb 27.741 ± 1.279 24.140 ± 1.378 26.496 ± 3.954 26.126 ± 2.702 24.467 ± 1.187 37.277 ± 2.191 27.649 ± 3.872 29.798 ± 6.218 
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A.6 Dissolved metal concentrations (µg/g) in the coastal waters from Singapore and other locations   
 
REG  As Cd  Cu Zn CE ION Cr Ni Pb  REFEREN
Northern Aegean Sea,  .520 0.700 – 2. 80 0.50 0 – 20.500 13.400 – 23
Fytianos and 
Greece 0.160 – 0  0 0 – 1.500 3.50 .000 Vasilikiotis, 1983 
Coastal water of the Gulf 
and Western Arabian Sea   – 0.100 0.020 –  0.020 – 0.120 02 – 0.0.002   5.600 0.0 910 




ng,  .800 0.6 1.600 00 – 2.  10 87 0.600 – 0  00 – 0.800  – 1.800 2.0 800 4 .000 – .600 Seng et al., 19
San Francisco Bay, USA  28 1.5  . t al., 0.035 – 0.5  20 – 4.190  2.020 – 6 990 Kuwabara e1989 
Central North Sea  0.015 – 0.025 0. 7 – 0.   230 – 0.390  0.01 032 0.160 – 0.610 Fileman et al.,1991 
Bristol Channel, England  050 0.20 0 – 0.  0.012 – 0.  0 – 1.000  0.02 040 Harper, 1991 
England and Wales (1992)     al., 1994    Law et 
  coastal sites  220 0.35 0.23 4 – 0. 5.
  069 0. 0.220 – 0. 020 – 0. 0 – 2.1
        Estuarine, 0.012 – 0.  0 – 4.000 0 – 4.900 0.02 880 0.430 – 1 000  
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Southwestern Tasmania,        MacAustralia  
key et al., 
1996  
            e Harbour  0.00 351 – 6.989 0.28 2 – 2.0
           Bathurst Harbour  0 2  
rn France  0.024 – 0.131  47 0.267 – 0.536 0. 1 – 0.062 0 1997 
  Macquari  5 – 0.028  2. 2 – 0.552  0.39 27  
   0.002 – 0. 07  0.140 – 0.235 0.141 – 0. 88  0.392 – 2.942 
Gironde estuary in 
southweste 0.388 – 1.3 02 0.471 – 2. 00 
Kraepiel et al., 
Torres Strait and Gulf of 
Papua, Australia   <0.001 – 0.029  86 0.094 – 0.460  
Apte and Day, 
1998 0.032 – 0.9  
Korean coastal environment    et al., 1998     Lee 
                          East coast  102 80  – 0.075 – 4.9  
                      South coast   028 40  – 0.064 – 2.1  
                      West coast  030 30  – 0.091 – 0.7  
a  025 50 230 016  4
0.024 – 0.  0.170 – 0.9 0.068 1.010 10 
    0.022 – 0.  0.450 – 0.5 0.029 0.380 50 
    0.014 – 0.  0.420 – 1.2 0.033 0.250 60 
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Houston ship channel, 1.983 0. 14 – 3.27 2 20 6.17 – 26.480 0. – 1.257 16  – 77.2 Saleh and Texas, USA 0 – 3 3 5.398 – 7.75 29.970 – 280. 0 6 215 .430 20 Wilson, 1999 
Australian coast and 
tuaries       
Munksgaard and 
Parry, 2001 es   
               Karumba Offshore  0.  – 1.210 0. 01 – 0.006 4 0.11  – 0.215 0. – 0.018 <  – 0.1   
               North Australian 
ast and estuaries  – 1.350 0. 02 – 0.034 40 0.11  – 0.552 <  – 0.057 0. 8 – 0.4  
ck Sea   .018  0.18  – 1.830 030 0. 6 – 0.126 0. 0 – 2.94  
714 0  0.148 – 0.25 6 004 0.010 20
co 0.394 0  0.151 – 1.0 6 0.002 01 98 
Northwestern Bla 0.004 – 0 4 0.500 – 1. 00 07 0 Tankéré et al.,2001  
San Francisco Bay, USA  0.033  0.79  – 1.670  030  0. 8 – 0.7 Beck et al., 2002 0.027 – 0 1.070 – 2. 46 85 
The northern part of the 
Gulf of Suez, Red Sea, Egypt  0.180  1.1  – 5.33 1. 0 – 2.570 8.1 0 – 23.2  
El-Moselhy and 
Gabal, 2004 0.150 – 6  84 3 40
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A.7 Concentration of particulate metals (µg/g) in the coastal waters from Singapore and other locations  
 
REGION Cd Cu Ni Pb Zn REFERENCE 
The Gulf and Western Arabian Sea 0.13 – 0.97 0.70 – 14.50  10.00 – 180.00  Fowler et al., 1983 
The Rhine/Meuse Estuary, The 
Netherlands 9.60 138.00 69.00 131.00 908.00 
Paalman and Van der 
Weijden, 1992 
English Channel 0.70 – 6.90 0.10 – 49.60 <0.10 – 23.20  5.00 – 137.00 2.00 – 141.00 Statham et al., 1993 
Northern Adriatic Sea 0.66 – 20.00   21.00 – 1,560.00 12.00 – 92.00 9.70 – 496.00 166.00 – 2,020.00 Price et al., 1996  
Gironde estuary, southwestern France 0.38 – 1.05 32.41 – 47.02 45.79 – 57.53 30.25 – 63.20 215.75 – 281.13 Kraepiel et al., 1997 
Southern North Sea ND – 8.30 25.00 – 45.00  ND – 5.60 13.00 – 341.00 31.00 – 115.00 Millward et al., 1998 
North Western Black Sea 0.34 – 6.30  5.00 – 225.00 2.00 – 36.00 2.40 – 121.00 12.00 – 359.00  Tankéré et al., 2001 
Lake Balaton 0.12 – 1.25 5.00 – 50.00 1.00 – 67.00 10.00 – 77.00 18.00 – 140.00 Nguyen et al., 2005 
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A.8 Concentrations and enrichment factors (EF) of heavy metals in the sea-surface microlayer water from Singapore and other locations 
R HEAVY METAL C ENTRATIO g/L)  EN HMENT FAC R (EF) 
 
EGION ONC N (µ RIC TO REFERENCE 
  OTAL PARTICU SOLVED  TO CU OLT LATE DIS TAL PARTI LATE DISS VED  
Southern North Sea off Pb   29 – 1   0 – 81 Lowestoft 0. .00  14 410  Pattenden et al., 19
 Zn   17 –  – <
Cd  – 0.20 0.05 – 4 – 0. 9 2 90 
0.  0.55   <5 50  
Cheaspeake Bay  0.11 0.16 0.0  0.09  4 0.  Hardy et al., 19
 Cu  – 16.20 1.76 – 1 10 – 3.00  8 >62 .6 
Pb 4.90 – 24.20 4.73 – 23.7 0.21 – 1.00  43 105 4.7 
Zn 0 – 5 0 – 26 20 – 32 2.6 >45 1.5  
Cd 2 – 0 07 – 0. .02 – 0 1.1 – 89 – 1. 1 – 1 6 Hong and Lin, 1990 
 4.20 3.20 1.  1  
  
 18.9 8.90 9.7 .90 9. .00  
Xiamen Bay, China   0.0 .08 0.0 013 0 .03  1.6 0. 9 1. .
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Baltic Sea Cd  <0.0001 01 – 0.10  5.7 1.5   – 0.03 0.0  Brügmann et al., 1992
 Cu  001 – 0. .001 – 2.  4.2 1.5 
Pb  04 – 0 .001 –  3.6 2.2 
Zn  .015 – 0.8 0.20 – 5.8  4.1 2 
ight  Cd 0.02 – 18.40    1.6 – 2.7   Hardy and Cleary, 1992 
 0. 90 <0 20   
 0.0 .30 <0 0.40   
 0 0 0   
German Br
 Cu 0 – 4.   1.9 – 8.   
Pb 0.77 – 2.07   1.9 – 6.1   
Zn 0 –   1 –   
North-western Cd 4.8  5 Migon and Nicolas, 8 
 1.4 70  7  
   
 10.2 20.50  1.  4.7  
Mediterannean Sea      5   199
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Western Ross Sea, 
Antarctica Cu  0.06   1.6   Grotti et al., 2001 
Kranj
Tekong, Singap
i and Pulau 
ore As   0.34 – 1.19    0.9 – 1.1 This study  
 Cd 0.02 – 0.08 0.005 – 0.036 0.02 – 0.05  0.7 – 2.6 0.8 – 4.7 0.6 – 1.9 This study 
 Cr 0.65 – 2.72 0.53 – 2.50 0.07 – 0.22  1.4 – 2.8 1.4 – 3.4 1.0 – 1.1 This study 
1.25 – 5.72 0.91 – 5.11 0.27 – 0.72  1.7 – 5.0 2.2 – 5.8 0.9 – 1. This study 
Ni .1  1  – – – 3. – 1. udy 
Pb 1 – 0.51 0.08 – 0.45 .02 – 0.12 1.9 – 3.4 0.8 – 4.7 1.1 – 2.
Zn 5.  12  – 3 6 – 6 – 5. 1.
 Cu 2 
 0.46 – 2 0 0.15 – .69 0.31  0.50  0.9 2.2 1.1 4 0.9 2 This st
 0.1 0   2 This study 
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A.9 Concentration of heavy metals in sediments (µg/g) from Singapore and other locations  
REGION Cd Cr Cu Ni Pb Zn REFERENCE 
 
Chao Phrya Estuary, Thailand 1.20 ± 0.50  26.00 ± 10.00  140.00 ± 28.00 71.00 ± 6.9.00 Menasveta and napCheevapara iwat, 1981 
North gean Sea, Greece 0.62 – 1.14 0.60 – 4.10 – 9.10 0 – 27.80 10.40 – 28 Fytianos and Vasilikiotis, 983 ern Ae   2.30 6.4 .2 1
Juru Es ary, Penang Malaysia  ND – 6.80 9.30 – 1 24.80 – 46.70 20.80 – 33.00 73.50 – 109. Seng et al., 1987 tu  3.80 80 
Tokyo bay, Japan 0.53 – 1.40  16.60 – 79 0 16.40 – 44.10  5.20 – 58.30 106.00 – 405.00 Fukushima et al., 199 .8 2  2 
Korean coasts  0.14 – 2.40  9.80 – 59.90  23.50 – 62.60 45.60 – 102.00 Lee et al., 1998 
Queensl nd, Australia        Esslemont 20a , 00 
                       Pioneer Bay  01 – 0.67 0.14 – 11.18 0.51 – 0.98 – 3.77 9 – 3.42 1.55 – 3.0
                       Nelly Bay   – 0.68 0 .60 0.41 0.32 – 4.10 2.84 – 7.42 1.40 – 5.52
wnsville 0.06  7.28 – 16.90 35.01 – 21.13 – 32.40 9.42 – 39.78 122.98 – 148
   0.  1.30 1.4 8  
   0.04 .73 – 11  – 1.39   
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The no n part of the Gulf of 
Suez, E  2.26 – 4.40  1.84 –  .90 – 28.34 4.26 – 23. l-Moselhy and Ga 004 
rther
gypt  10.25 13 68 E bal, 2
The sout west coast of Spain  0.19 – 2.50     41 – 10 – 50  20 – 197   141 – 649 Morillo et al., 2004 h 32 – 92 336     
The Harbor of Barcelona, 
Spain 
0.43 – 2.76   38 110  70 18.3 – 34.3  86.3 – 589  213 – 11 uevara-Riba et al., 2004 .80 – .6 – 531  33 G
The East China Sea, China 0.03 – 0.16 6  4 – 19 – 47 22 – 44 33 – 131 uan et al., 2004  33 – 8 40   Y
Singapore         
                    Straits of Johor 18 ± 0.06 45.2  11.2 30.7 30.2 ± 6.6 .3 ± 11 132.5 ± 52 ood et al., 1997 
                    Ponggol estuary  0.24  34.6  6.07 17.30  ayar et al., 2004 
ji     0.15 – 22 44.36 – 50.52  14.65 – 25.76 – 26.59 .14 – 27.74 61.69 – 62. This study 
                  Pulau Tekong  0.05 – 0.07 37. 3.74 6.30 – 13.27 – 20.00 4.47 – 37.27 48.20 – 52. his study 
   0.  ± ± 22.5 42 .6 W
   5 N
                      Kran  0. 21.01 24 36 
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APPENDIX B 
ETAL SPE ATION I OASTAL RINE SE MEN S FRO NGAPO
USING A MODIFIED BCR-SEQUENTIAL EXTRACTION PROCEDURE 
B.1 Con entrations of µg/g) in m ediments of S e relative to oth  countries  
 Cd Cr Cu Ni Pb Zn REFERENCE 
M CI N C  MA DI T M SI RE 
c heavy metals ( arine s ingapor er
Marine sediments from Singapore      
Kranji 0.19 ± 0.03  3.82 17.89 26.12 ± 3.16 ± 2.70 62.12 ± This stusy 
0.06 ± 0.01 40.60 ± 3.20 7.71 ± 1.34 17.08 ± 3.21 29.80 ± 6.22 49.76 ± 10.87 This study 
Ponggol estuary  0.24  34.65 6.07 17.30  Nayar et al., 2004 
Straits of Johor 0.18 ± 0.06 45.2 ± 11.2 30.7 ± 22.5 30.2 ± 6.6 42.3 ± 11 132.5 ± 52.6 Wood et al., 1997 
Marine sediment from other countries      
47.27 ± ± 3.22 26.13  2.85 
Pulau Tekong 
 
The so hwest coast of Spa 0.79   53  12 19.87 69.87  323.2 Morillo et al., 
The Harbor of Barcelona, 
Spain 
1.22   67.93 25.27 188.67 390.50 
Guevara-Riba et al., 
2004 
The Ea  China Sea,  – 0.16  86  4 19 – 47 22 – 44 33 – 1 uan et al., 2004
ut in  59. 7.93  0 2004 
183.20 
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B.2 Heavy metal concentrations in sediment sa µg/g) at Kranji and Pulau Tekong using the modified BCR-sequential extraction procedure 
ELEMENT FRACTION KRANJI AU TEKONG 
mples (
  PUL
   ) ) Concentration (µg/g) Ratio (%  Concentration (µg/g) Ratio (%
Cd 1 Mean 0.054 33.9 0.023  38.9 







 Sum  
 Total content Mean 
SD 0.030 
 84.3  96.3  
  0.013  
 2 0.0  ND 0.0 
      
 3 0.076 47.6  0.007 11.8 
    0.002  
 4 0.030 18.5  49.3 0.029 
    0.012  
100.0 100.0 0.059 0.160  
0.190   0.062  
    0.011  
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0.3  0.110 0.3 Cr 1  0.125 Mean
      
   
      
   
  S     
   
      
 Sum  
 Total content Mean 47.271   40.600  
  3.197  
95.0   97.1  
0.979 5.5  0.315 4.1 
 SD 0.031 0.025  
2 Mean 2.913 6.5  2.018 5.1 
SD 0.169  0.398  
3 Mean 6.426 14.3  4.667 11.8 
D 0.691  0.989  
4 Mean 78.9 35.442  32.638 82.8 
SD 4.006  3.183  
44.907 100.0  39.433 100.0 
  SD 3.823 
Recovery (%)  
Cu 1 Mean 
  SD 0.332   0.102  
 2 Mean 3.680 20.6  1.061 13.8 
  SD 0.697   0.272  
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  SD 1.099   0.748  
 4 3.950 51.5 
   0.918  
 Sum 7.663 100.0 
 Total content Mean 17.269   7.708  
 1.336  
Recovery (%)  103.6   99.4  
Ni 1 Mean 3.547 16.2  
Mean 5.807 32.5  
SD 1.940  
  17.893 100.0  
  SD 3.215  
0.829 5.1 
  SD 0.978   
 2 Mean 2.971 13.6  1.054 6.5 
 
 7 15.5 
  SD 0.436   0.488  
 4 Mean 11.972 54.7  12.574 77.2 
 9    
 Sum  21.887 100.0  16.278 100.0 
 Total content Mean 26.124   17.076  
 0.322 
  SD 0.495  0.322  
3 Mean 3.39  1.820 11.2 
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  SD 3.161   3.206  
Recovery (%)  83.8   95.3  
Pb 1 Mean 0.853 2.9  0.750 2.4 
  SD 0.264   0.177  
 2 Mean 11.597 40.0  10.415 33.4 
  SD 0.640   0.752  
 3 Mean 0.351 1.2  0.638 2.0 
  SD 0.209   0.451  
 4 Mean 16.213 55.9  19.395 62.2 
  SD 2.524   3.756 
m  29.015 100.0  31.199 100.0 
 Total content Mean 26.126   29.798  
  SD 2.702   6.218  
Recovery (%)  111.1   104.7  
Zn 1 Mean 9.605 12.4  1.558 3.5 
 
 Su
  SD 5.793   0.215  
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  SD 2.099   2.649  
 3 Mean 29.410 38.0  6.570 14.6 
  SD 7.098  
 Mean 4.648 18.9  27.399 60.9 
  SD 4.575   19.336  
 Su   100.0 100.0 
 Total content Mean 62.116   49.756  
  SD 2.846   10.873  
 124.7   90.4  
 0.910  
 4 1
m 77.448  44.965 
Recovery (%) 
 
le; Fraction 2: reducible; Fraction 3: oxidizable; Fraction 4: residual.  
1 + Fraction n 3 +  
 acid digestion of samples using HF and HNO3
/Total content)*100 
 
Fraction 1: acid solub
Sum = Fraction  2 + Fractio  Fraction 4 
Total content: total
Recovery = (Sum
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APPENDIX C 
HEAVY METAL CONTAMINATION  
IN MANGROVE HABITATS OF SINGAPORE  
 
C.1 Concentrations of heavy metals (µg/L) in mangrove and coastal subsurface waters of Singapore 
 




Singapore’s mangrove water 
     
S. Buloh 0.470 ± 0.017 0.159 ± 0.097 0.094 ± 0.004 0.284 ± 0.017 0.272 ± 0.022 0.193 ± 0.106 1.577 ± 0.095 
. Khatib Bongsu 1.083 ± 0.237 0.051 ± 0.010 0.208 ± 0.035 0.656 ± 0.141 0.447 ± 0.083 0.104 ± 0.091 1.378 ± 0.406 
ingapore’s coastal water     
 
Seletar 1.080 ± 0.046 0.254 ± 0.024 0.213 ± 0.012 0.640 ± 0.022 0.508 ± 0.015 0.980 ± 0.017 3.731 ± 0.162 
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C.2 Concentrations of heavy metals (µg/L) in the SML of Singapore 
 
 As Cd Cr Cu Ni Pb Zn 
Singapore’s mangrove water     
 
S. Buloh        
- Concentration  0.580 ± 0.024 0.027 ± 0.007  0.119 ± 0.006 0.338 ± 0.017 0.290 ± 0.014 0.054 ± 0.016 1.381 ± 0.203 
- Enrichment factor 0.17 1.26 1 07 0. 0.88 
S. Khatib Bongsu        
- Concentration  1.455 ± 0.191 0.076 ± 0.022 0.272 ± 0.031 1.108 ± 0.328 0.595 ± 0.076 0.201 ± 0.018 1.626 ± 0.316 
- Enrichment factor 1.34 1.50 1.69 1.33 
Si stal wa    
 
Seletar        
1.06 8 9 ± 0.011 0.215 ± 0.654 2  0.006 0 ± 4.461 ± 0.069 
1.18 1.01 1 04 1. 1.20 
Kranji        
- Concentration  0.350 ± 0.033 0.018 ± 0.001 0.075 ± 0.006 0.292 ± 0.014 0.246 ± 0.018 0.027 ± 0.007 2.469 ± 0.188 
- Enrichment factor 1.12 1.20 1.1 .
1.23 .19 1. 28 
1.31 1.93 1.18 
ngapore’s coa ter  
- Concentration  8 ± 0.02 0.29   0.006 ± 0.01 0.526 ± 1.07  0.032 
- Enrichment factor 0.99 .02 1. 09 







 Appendix C  
C.3 Concentrations of heavy metals (µg/g dry weight) in mangrove and coastal sediments of Singapore relative to other countries   
 
REGION Cd Cr Cu Ni Pb Zn REFERENCE 
Singapore’s mangrove sediment      
S. Buloh 0.181 ± 0.349 16.61 ± 7.23 7.06 ± 6.03 7.44 ± 3.46 12.28 ± 5.18 51.24 ± 39.97 This study 
S. Khatib Bongsu 0.266 ± 0.171 32.07 ± 7.67 32.00 ± 14.32 11.65 ± 4.49 30.98 ± 6.16 120.23 ± 13.90 This study 
Singapore’s coastal sediment      
Ponggol estuary  0.24  34.65 6.07 17.30  Nayar et al., 2004 
Straits of Johore 0.18 ± 0.06 45.2 ± 11.2 30.7 ± 22.5 30.2 ± 6.6 42.3 ± 11 132.5 ± 52.6 Wood et al., 1997 
20 coastal locations 
around Singapore  
Nd 1 – 1.4  2 – 204  2 – 60 5 – 280 Goh and Chou, 1997 
Mangrove sediment elsewhere      
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Mai Po, Hong Kong  0.5 – 0.6 7.8 – 17.4 41.9 – 49.8 65.3 – 66.0 161.6 – 219.8 277.2 – 321.2 Ong Che, 1999 
Deep Bay, Hong Kong  3 40 80 30 80 240 Tam and Wong, 2000 
Mazatlan harbor, Mexico < 2 7.6 – 42.5 7.7 – 90.9 6.1 – 30.3 < 150 46.4 – 347.8 
Soto-Jimenez and 
Paez-Osuna, 2001 
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C.4 Concentrations of heavy metals in mangrove biota of Singapore relative to other countries. Levels are presented as µg/g wet weight, except 
where stated otherwise 
 
ORGANISM SITE  % d/w As Cd Cu Ni Pb Zn REFERENCE 
Nerita lineate SB P1P 80 ± 3 2.7 0.03 7.5 2.7 0.49 31 This study 
 SKB P2 P 81 ± 0 5.7 0.02 8.8 10 1.1 680 * This study 
Nerita albicilla Taiwan   6.9 ± 1.1 dw     Hung et al., 2001 
 Hong Kong   1.8 - 2.9 dw 133 - 189 dw   105 - 130 dw Blackmore, 2001 
Polymesoda 
expansa  SB 84 ± 0 6.7 0.03 3.1 1.4 0.64 65 This study 
 SKB 87 ± 0 3.9 0.06 14 * 1.1 0.28 72  This study 
Telescopium 
telescopium SB 78 ± 1 12 0.05 85 7.6 0.48 340 This study 
 SKB 75 ± 2 10 0.12 140 * 10 1.4 100 This study 
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Thai gradate SB 63 ± 9 4.1 0.47 52 5.4 0.91 65 This study 
 SKB 76 ± 5 10 0.37 110 * 2.4 0.53 140 * This study 
Thai clavigera Hong Kong   7.3 - 9.9 dw 183 - 310 dw   261 - 313 dw Blackmore, 2000 
 Taiwan    492 ± 132 dw   768 ± 333 dw Hung et al., 2001 
Myomenippe 
hardwicki SB 84 ± 5 3.9 0.02 35 1.7 0.73 49 This study 




P SB:  Sungei Buloh. 
P
2
P SKB: Sungei Khatib Bongsu. 
P
3
P Nd:  not detected. 
 
 
